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Summary

Wind energy plants, dolphins, and many other ocean engineering structures are supported on 

large diameter rigid monopiles. For such structures lateral loads are more critical for the 

design and analysis compared with the gravitational loads and foundation piles are required 

to withstand a large number of repeated lateral load cycles during their design life. In such 

applications, the lateral forces and bending moments resulting from wind/wave loadings must 

be economically and safely transferred to the sea bed. Such requirements make the pile 

response deflection sensitive in addition to be load earring capacity posturing. The behaviour 

of large diameter rigid monopiles in general, under long-term low-amplitude repeated lateral 

loading, is not well documented. Existing methods for estimating the accumulated lateral 

strain (rotation) response of monopiles are based on very limited field/experimental 

laboratory data and are currently not capable of explicitly accounting for site-specific soil 

properties and loading characteristics.

A load-controlled electromechanical loading system was developed to apply many thousands 

of repeated lateral load cycles in different forms to model foundations at normal gravity 

conditions, with full control provided over the loading direction (e.g. one-way or two-way), 

amplitude, frequency and waveform shape (e.g. sinusoidal, square or haversine). This loading 

rig is particularly suitable for the investigation of monopiles for offshore structural 

foundations subjected to long term repeated lateral loads.

From a series of tests performed on model monopiles, it was found that the characteristics of 

the repeated lateral loads were more pronounced for the model pile’s fatigue limit state than 

its serviceability limit state. In considering the load cycle characteristics, the following trends 

were observed in the experimental data: (1) two-way loading produced significantly greater 

rotation of the pile from its initial vertical alignment compared with one-way loading; (2) for 

two-way loading, unbalanced loads produced greater pile rotation than balanced loads; (3) 

higher load amplitude o f 60 N produced significantly greater pile rotation, particularly for 

one-way loading; (4) the effects of loading frequency were not as significant as loading 

direction or load amplitude; (5) the stiffhess of the soil-pile system was found to increase



with the number load cycles, irrespective of the load cycle characteristics; (6) from all the 

test results it was observed that the pile behaviour remained quite consistent, no abrupt 

failure was observed, rate of rotation accumulation decreased with number of load cycles 

rather than reaching zero, this behaviour was observed even for those tests for which 16000 

load cycles were applied; (7) the curve representing the ‘rotation-number load cycles’ 

showed that rotation proceeded in incremental steps under the applied lateral repeated load, 

indicating that the rotation of the pile from its initial vertical aligimient did not proceed 

continuously.

A new predictive method to estimate the pile’s accumulative rotation has been presented 

which explicitly considers the thousands of repeated lateral load cycles along with different 

characteristics of the applied load cycles. It is expected that the general framework of the 

new model will remain applicable for different values of the relative densities of the sand 

used for all tests.

To improve the lateral load carrying capacity of the monopiles, tests were carried out using 

two different pile arrangements/configurations; the first one relates to the geometric 

modification of the monopolies head through ring-arm arrangement; and the second one is 

related to the installation of the small diameter piles in the form of concentric rings around 

the monopile in dry sand. Experimental results showed that both of these methods had 

substantially reduced the rotation of the monopile from its initial vertical alignment when 

subjected to thousands of repeated lateral load cycles under a range of loading conditions. In 

addition the cyclic stiffness of the soil-pile system was improved noticeably and the post 

cyclic initial tangent stiffness determined during static test also increased significantly. All of 

these findings starkly contradict the existing design criteria for monopiles based on the p -y  

method.
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Values o f coefficients: (a) Â . & Ag, (b) as function of z,!D

.....................................................................................................................................64

Values o f Coefficients (C^, C2 , C3) as a function of 0 ' ........................................66

Values o f coefficient of subgrade reaction modulus {kh) as a fiinction of

0 ' (Resse et al. (1974) and API (2010)) ............................................................ 66

Characteristic shapes of p -y  curves for cemented san d .................................... 67

Characteristic shape of p -y  curve for c-<l) soil (Reese and Van Impe, 2001)... 69 

Coefficients of the initial subgrade reaction modulus {kcc) as a function of

(Reese and Van Impe, 2001)...................................................................................70

Different modes of load variation against time...................................................80

Degradation of secant modulus of soil under cyclic loading.............................84

Variation in rotation 6 with fluctuation in moment M\ (a) cyclic test; (b) static

test...............................................................................................................................86

Functions relating: (a) r i  to ((,; (b) to .......................................................... 87

Flowchart for the design of a support structure and monopile for an

OWT........................................................................................................................... 90

Different sea surface levels in relation to plateform level.................................. 92

Summary of Randolph's method............................................................................95

Charts for calculating lateral deflection at the ground surface level o f

horizontally loaded piles in cohesionless soil (after Broms 1964a)..................96

Summary of the results for Randolph's (1981) method: (a) Effect of pile 

embedment length and diameter on its lateral deflection, (b) Effect of pile

embedment length and diameter on its rotation...................................................98

Summary of the results for Brom's (1964a) method........................................... 99

Summary of the results for Matlock and Reese's (1960) method................... 100

Accumulated lateral deflection o f the monopile at seabed level under long

term cyclic loading................................................................................................. 101

XV



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6 

Figure 4.7

Figure 5.1

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 5.9 

Figure 5.10 

Figure 5.11 

Figure 5.12 

Figure 5.13 

Figure 5.14

Ways to correlate the model test results with a prototype (after, Lombardi et

al,  2013).................................................................................................................109

Different types o f loading systems for the study of model piles under lateral

loading.....................................................................................................................114

Schematic of the TCD rig for model pile studies, set up for two-way lateral

loading...................................................................................................................... 117

Cog assembly attached to the reaction from the panel: (a) side view; (b) front

view.......................................................................................................................... 118

Schematic of the new loading system, set-up for two-way lateral

loading...................................................................................................................... 120

Definition of the loading direction angle {¥)  for the monopile.......................122

Loading scenarios and generated wave shapes.................................................. 123

Schematic diagram of the TCD rig for model pile studies: (a) monopile in 

dense sand bed undergoing two-way repeated lateral loading; (b)

instrumentation at the pilehead..............................................................................133

Arrangement of load cells and LVDTs at the pilehead....................................135

Arrangement for the calibration of load cells....................................................136

Calibration chart for load cells............................................................................ 136

Arrangement for the calibration of LVDTs....................................................... 137

Calibration chart for LVDTs................................................................................138

Arrangement of strain gauges on the outer surface of the m onopile 139

Point load test o f the test pile during calibration of the strain gauges........... 139

Schematic o f SSMC: (a) in cross section; (b) in plan...................................... 141

Data acquisition system ‘System-7000’ along with display unit (laptop).... 142 

Particle size distribution curve for the sand used in the experimental work.. 143

Different stages of sample preparation and the monopile installation 144

Load~rotation relationship for the monopile under static loading................. 148

Variation o f bending moment along the embedded length o f the 

monopile...................................................................................................................149

XVI



Figure 5.15 Variation o f  LSR along the embedded length o f  the monopile at lateral load:

(a) 4 0 N ; (b) lOON and (c) 1 6 0 N .............................................................................. 151

Figure 5.16 Lateral deflection and rotation o f  the m onopile........................................................153

Figure 5.17 Subsidence o f  sand bed surface around the laterally loaded monopile: (a)
isometric view  for balanced two-way loading; (b) top view  for balanced two- 
way loading; (c) isometric view  for one-way or unbalanced two-way loading; 
(d) top view  for one-way or unbalanced two-way loading................................ 154

Figure 5.18 Cyclic response o f  a laterally loaded pile with decreasing secant stiffness and

an increasing cyclic stiffness......................................................................................... 156

Figure 5.19 Change in cyclic stiffness o f  the so il-p ile  system due to repeated loads: (a)

and (b) under one-way loading; (c) under two-way balanced or unbalanced

loading...................................................................................................................................157

Figure 5.20 Variation o f  (a) LSR profile and (b) point o f  rotation o f  the monopile along the

embedded len g th ............................................................................................................... 160

Figure 5.21 Effect o f  loading direction on the pile rotation for the same load amplitude of:

(a) 50 N; (b) 60 N .............................................................................................................. 162

Figure 5.22 Values o f  the LDIF for the tests conducted at: (a) =  0.31; (b) =

0 .3 8 .........................................................................................................................................164

Figure 5.23 Pile rotation at different load amplitudes and frequencies: (a) under one-way

loading; (b) under balanced two-way loading........................................................ 165

Figure 5.24 Effect o f  load amplitude in terms o f  LAIF for the tests conducted at =  0 5 “

0.5, -1  and at a loading frequency o f  0.25 H z ..........................................................167

Figure 5.25 Effect o f  loading frequency in terms o f  LFIF: (a) under one-way loading; (b)

under two-way loading.....................................................................................................169

Figure 5.26 Normalised accumulated rotation under various loading scenarios.................... 172

Figure 5.27 Functions relating: (a) a ito ^ c c ;(b )  to ................................................ 173

Figure 5.28 Experimental vs predicted values o f  rotation o f  the monopile at: (a)

(b , =  0.25 , (b) (b , =  0.31 and (c) =  0 .3 8 ..................................................175

Figure 6.1 Effect o f  different types o f  wings on load~displacement curves o f  the

monopile (after, Duhrkop and Grabe (2008))....................................................... 181

xvn



Figure 6.2 

Figure 6.3 

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7 

Figure 6.8 

Figure 6.9

Figure 6.10 

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Schematic dimensions of finned piles: (a) triangulai' wing pile; (b) rectangular

wing pile...................................................................................................................182

Schematic illustration of the ‘hybrid’ monopile-footing system (after, Arshi el

al. (2013)).................................................................................................................183

A schematic view of the experimental apparatus to study the influence of soil 

confinement provided by confining cells (after, El Swwaf and Nazer

(2005))...................................................................................................................... 185

Schematic diagram of footing surrounded by confining piles (after,

Unnikrishnan and Sachin (2009))........................................................................ 187

Mechanism of confinement with confining piles (after, Unnikrishnan and

Sachin (2009)).........................................................................................................188

Schematic diagram of the RA-arrangement.......................................................189

RA-arrangement containing the monopile and small diameter piles..............190

Different stages to attach the RA-arrangement and the installation of

SDPs......................................................................................................................... 192

Load-rotation relationship for the monopile under static loading.................. 196

Effect of the embedded length of the SDPs on accumulated rotation of the

monopile: (a) under two-way loading; (b) under one-way loading................. 198

Reduction of accumulated rotation of the monopile when the Lsdp/L ratio was

increased from 33% to 50%.................................................................................. 199

Effect of orientation of the RA-arrangement on accumulated rotation of the

monopile.................................................................................................................. 200

Relative positions of the SDPs for two different orientations of the RA-

arrangements...........................................................................................................200

Effect o f inclination of the SDPs on accumulated rotation o f the

monopile.................................................................................................................. 202

Change is cyclic stiffness of the soil-pile system under repeated lateral loads 

under: (a) unbalanced two-way loading; (b) balanced two-way loading; (c)

one-way loading..................................................................................................... 203

Different stages of sand bed preparation, monopile and SDPs-CRs 

installations..............................................................................................................206

xvm



Figure 6.18 Load-rotation relationship for the monopile under static loading...................207

Figure 6.19 Accumulated rotation of the monopile against the number of load cycles.. .210

Figure 6.20 Efficiency of the SDPs-CRs under different loading conditions................... 211

Figure 6.21 Effect of SDPs-CRs on the monopile rotation for loading scheme: (a)

2W/60-60/0.25; (b) 2w /30-60/0.40....................................................................... 212

Figure 6.22 Change in cyclic stiffness with number of load cycles.....................................214

Figure 6.23 Percentage difference in change of cyclic stiffness of the soil-pile system due

to the presence of SDPs-CRs............................................................................... 214

Figure 6.24 Change in the initial tangent stiffness of the soil-pile system due to the

presence of SDPs-CRs.......................................................................................... 215

Figure 6.25 Bending moment profile along embedded length of the monopile: (a) For

2W/60-60/0.25; (b) For 2w/30-60/0.10..............................................................216

XIX



List of Tables

Table 3.1 

Table 3.2

Table 3.3 

Table 3.4.

Table 3.5. 

Table 4.1 

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1

Table 5.2 

Table 5.3

Table 6.1

Table 6.2 

Table 6.3

Table 6.4

p-Multiplier values from test on full-scale piles in sand...................................73

Suggested values of different influential parameters

(FD,Fi,F,).............................................................................................................81

Key parameters for a 5 MW wind-turbine.........................................................91

Extreme wind velocity (F^), current velocity (Uc), significant wave height (Hs) 

and maximum wave height (//„) as a fiinction of return period in reference to

an offshore wind farm site (Jonkman et ai, 2009)............................................ 91

Design loads at seabed level............................................................................... 94

Non dimensional parameters for scaling laws (LeBlanc et ai, 2010)........... 109

Scaling relations for certain physical quantities related to geotechnical

investigation performed at Ig conditions......................................................... I l l

Reference positions of moving parts in loading system for one-way sinusoidal

wave.................................................................................................................... 125

Reference positions of moving parts to produce sinusoidal wave under

balanced two-way loading.................................................................................127

Reference positions of moving paits in loading system for partial one-way

sinusoidal wave.................................................................................................130

Comparison of measured and calculated values of strain under different

loadings and locations....................................................................................... 140

Lateral load testing programme on the monopile.............................................146

Values of SEE and RSEE for different values of .....................................  ̂74

Lateral load testing programme on the monopile in the presence of RA-

arrangement.......................................................................................................193

Different scenarios considered for RA-arrangement and the SDPs.............. 194

Lateral load testing programme on the monopile in the presence of SDPs-CRs

............................................................................................................................ 205

Change in values of Ra, 4>' and Kp due to densification provided by the 

SDPs-CRs......................................................................................................... 209

XX



List of Appendices

Appendix A 

Appendix B 

Appendix C 

Appendix D 

Appendix E 

Appendix F 

Appendix G 

Appendix H



List of Symbols

scalar factor

base area of the plugged monopile

dimension-less soil stiffness parameters which are dependent on soil 

properties and pile dimensions

non-dimensional coefficient for static and cyclic p -y  curves 

adjustment coefficient for static and cyclic p -y  curves 

exposed area o f the offshore structure 

scalar factor

non-dimensional coefficient for static and cyclic p—y  curves 

regression constants or model parameters 

soil cohesion

average undrained shear strength 

undrained shear strength of soil 

parameter depending upon value of 

coefficient of curvature for soil particles

aerodynamic drag coefficient that is dependent on the structure’s geometry 

and size

hydrodynamic drag force coefficients 

inertial drag force coefficients 

correction factor for small width of pile 

coefficient o f unifomiity

non-dimensional coefficients depending upon value of 0 ' 

monopile’s external diameter

sand particle size con'esponding to 10, 30, 50 and 60% finer than.

extension in length of the spring at the maximum load amplitude 

diameter o f the transition piece 

minimum void ratio 

maximum void ratio

x x ii



Epy secant modulus o f soil reaction

E s  elastic modulus o f soil

Es n = i  secant modulus o f soil reaction after 1®' load cycle

Egj^ secant modulus o f soil reaction after load cycle

E l  bending stiffness o f the monopile

/  frequency

fa m p i strain-amplitude fijnction

/e soil density function

frequency at scaled model 

fp  frequency at prototype

fnai first natural frequency

factor to modify the monotonic response (deflection) into a cyclic response 

ft^ load-cycle number fijnction

fp g  mean effective confining pressure fijnction

fusk unit skin friction at the pile’s shaft

probability density function for wind 

f y  average stress-ratio (i.e.average deviatoric stress/average mean confining

pressure during a load cycle) function;

/jT polarisation (load-cyclic shape) function.

F  side frictional resistance provided by pile in the unit o f  force per unit length

E d r a g i O )  drag forces

E i n e r t i a ( l ^ ) )  inertial force

Ffn force experienced/applied at scaled model

Fp  force experienced/applied at prototype

Fpjr passive force

F i, Fi and empirically deteimined factors

Fy cumulative distribution fijnction

gravitational acceleration at scaled model 

g p  gravitational acceleration at prototype

G  shear modulus o f soil

xxm



hw mean sea surface level

H horizontal load applied at the pilehead level

Hrr, maximum wave height

Hmax maximum horizontal load applied at the pilehead level during load cycle

timin minimum horizontal load applied at the pilehead level during load cycle

Hs significant wave height

h parameter depending upon value of and z

J a constant for the determination of the ultimate soil resistance

k wave number; Ztt/A

coefficient of subgrade reaction modulus for the 1 cycle o f the load

K coefficient of subgrade reaction modulus for cyclic loading

kcc coefficient of subgrade reaction constant contributed due to cementation

K coefficient of subgrade reaction modulus for static loading

kn coefficient of subgrade reaction modulus after the Nth load cycle

k, shape factor that quantifies the width of the wind speed distribution

K coefficient of earth pressure

KC Keulegan-Carpenter number

Lc active pile length

Ll strut height

L-m longitudinal dimension o f the scaled model

h longitudinal dimension of the prototype

m model parameter

M moment applied at pilehead level

Mm moment applied at scaled model

Mp moment applied at prototype
Mave average value of the applied moment
j ^ a m p l amplitude of the applied moment

Mmin minimum moments developed in a load cycle

Mmax maximum moments developed in a load cycle

Mr moment capacity of pile under static loading

M, turbine mass

xxiv



N  number o f load cycles

N; distance between the loading node position and the bottom o f the chain loop

when the sliding node is at mid-range 

p  soil reaction in the unit o f  force per unit length.

Ps theoretical ultimate soil resistance per unit length o f pile

Pu ultimate soil resistance per unit length o f pile

Pu ultimate lateral load-carrying capacity o f the pile

Pmax maximum lateral load applied to pilehead during lateral repeated loads

Pmin minimum lateral load applied to the pilehead during lateral repeated loads

Px axial pile load

q unit end-bearing capacity

Qtti distributed line load at scaled model

qp distributed line load at prototype

Q  frontal normal reaction provided by pile

Qc rate o f change o f  cone-tip resistance with depth detennined using miniature

cone-penetrometer tests 

Qd m onopiie’s ultimate axial load-carrying capacity under static loading

Qf shaft-friction capacity

Qp end-bearing capacity

r radius o f  the pile

Rd relative density index

Re Reynold’s number

^grout thickness o f the grout connection.

tm time period at scaled model

tp time period at prototype

t-j-p wall thickness o f  the transition piece

T  average time period or time period

Tjh time period equivalent to 60 minutes

T 10 time period equivalent to 10 minutes

Tfc , dimension-less fiinctions depending on load cycle characteristics

Tg oscillating wave period

XXV



Tp spectral peak tim e period,

Tr relative stiffness o f  pile

Tz m ean zero-crossing period

u ( f )  horizontal com ponent o f  w ater particle velocity  (along w ave w ater-particle

velocity)

u ( t )  horizontal com ponent o f  w ater particle acceleration

Ua m axim um  along w ave w ater-particle velocity

one-hour m ean w ind speed at height h above sea level 

U 1 0  m ean value o f  10-min wind speed data m easured at a reference elevation o f

10 m above m ean sea level 

Uc current velocity

Uz m ean w ind speed at som e height z above m ean sea level

Uz,T m ean w ind speed w ith averaging period T  at height z above the sea level

Y  vertical load applied at pilehead

Fw extrem e wind velocity

\wz\  absolute value o f  the wind turbulent velocity

Xc characteristic cyclic stress-ratio

yso deflection at o n e-h a lf o f  the ultim ate soil resistance

Yc deflection under A^-cycles o f  load

yp certeain reference deflection under cyclic loading

deflection under short-term  static load

Y m easured value o f  the variable

Y estim ated value o f  the variable through predictive model

z  som e reference height above the m ean sea level

Zy transition depth

Zf specific depth along the em bedded length o f  the pile

Zq roughness param eter

required hub height 

^platform p lateform  level hight w ith refercen to  m ean sea level 

1P rotational frequency o f  the rotor

XXVI



2P the blade passing-frequency for two-bladed turbine

3P blade passing-frequency for three-bladed turbine

a  scaling factor

a l  dim ension-less soil stiffness parameter which are dependent on soil properties

and pile dimensions 

model parameter based on 

P ii  model parameter based on (bt,

y ' effective unit weight o f  soil

Ym volumetric mass density o f  the soil during model testing

7 p volumetric mass density o f  the soil during prototype testing

Ypf peakedness factor

air gap o f  typically 1.5 m between platform level and the highest wave height

(O
AZfj^g fluctuation in tidal height

^ ’̂ surge storm  surge height

e ratio o f —
am

E Strain value in u n its  o f  m ic r o n

derivative o f  the intensity o f  strain accumulation with respect to the number o f  

load cycles

strain response after the first load cycle  

£ 5 0  strain at one-half o f  the ultimate soil resistance

accumulated lateral strain after N  load cycles 

(  instantaneous position o f  water particle during wave propagation

I, a amplitude o f  harmonic wave

ratio o f  maximum value o f  cyclic moment normalised with respect to static 

moment capacity

ratio o f  maximum value o f  cyclic load nonnalised with respect to static load 

capacity

ratio o f  minimum value o f  cyclic moment normalised with respect to 

maximum value o f  cyclic moment

xxvn



ratio o f  m inim um  value o f  cyclic load norm alised w ith respect to m axim um  

value o f  cyclic load

coefficient to relate the rigidity  o f  the pile 

pile rotation occurring under the design loads 

p ile rotation achieved after N  num ber o f  load cycle

p ile rotation achieved w hen the applied m om ent reaches its m axim um  value 

during the first load cycle

pile rotation under a static load equivalent to the m axim um  cyclic load 

Poisson’s ratio

im pinging w avelength o f  the ocean wave (w avelength) 

geom etric scale factor to predict the prototype response 

strut m ass per unit length 

vertical com ponent w ater particle velocity 

highest wave crest eleveation 

density o f  air 

density o f  sea w ater 

m ajor principal stress 

m inor principal stress 

stress or pressure at m ode! scale 

stress or pressure at prototype scale 

passive earth pressure 

The standard deviation o f  the w ind speed 

effective vertical stress 

angle o f  internal friction o f  the soil 

effective angle o f  internal friction o f  the soil 

pile deflection o ccu rin g  a t  sea b e d  level u n d e r  th e  desig n  loads 

circular w ave frequency; co =  2 n f T  

circular frequency at spectral peak tim e period, Tp 

s tep  fu n c tio n  o f 00

xxvni



List of Abbreviations

API American Petroleum Institute

A WE A American Wind Energy Association

D NV Det Norske Veritas

EWE A European Wind Energy Association

GL Germanischer Lloyd

GWEC Global Wind Energy Council

HCLL horizontal chain-loop length

IRENA International Renewable Energy Agency

LA load amplitude

LAIF loading amplitude impact factor

LDIF loading direction impact factor

LF loading frequency

LFIF loading frequency impact factor

MP monopile

NC Navigant Consulting

NDP none-dimensional parameter

OWT offshore wind-turbine

SDPs small diameter piles

SDPs-CRs small diameter piles-concentric rings

USDE US Department of Energy

VCLL vertical chain-loop length



Ik

II



Chapter 1 Introduction

1 Introduction

1.1 Background

This research focuses on investigating the long-term behaviour o f small scale monopiles 

under various loading scenarios in lateral directions. At present, monopiles are by far the 

most widely adopted substructure-foundation system for modem offshore wind farms 

located in shallow water depths (<40 m). Such monopiles are manufactured from a steel 

tubular section (pipe pile), typically 5-7.5 m in diameter and up to 1000 tonnes in mass. 

A monopile serves as a supporting element to connect the turbine tower and the seabed 

and, hence, is a key element in the offshore wind farm design and construction. It 

transfers all the loads acting on the turbine above sea level to the seabed and is therefore 

exposed to the harsh ocean environment.

Repeated lateral loads and moments acting on the monopile are resisted by horizontal 

earth pressures activated in the surrounding soil along the monopile embedded length. 

The monopile embedment length, among other factors, is largely dependent on the 

strength and stiffness properties of the seabed and total applied loads. The monopiles, 

having an embedded length to diameter ratio o f  less than 10, are usually categorised as 

rigid piles where rotation under lateral loading may be the decisive design criteria. This 

condition clearly indicates that existing design guidelines, which were developed for long 

slender and flexible monopiles as used in the oil and gas industries, cannot be useful or 

applied to the design o f monopiles used for offshore wind turbine (OWT) structures. For 

the OWT structures serviceability rather than the ultimate limit state is the crucial issue. 

This is due to the sensitivity of the many electromehanical components o f the OWT to 

lateral deflection/rotation, hence, stability and structural behaviour o f the monopile are of 

great significance to an offshore wind farm project.

These days world-wide energy production has become heavily reliant on fossil fuels. The 

combination of an increasing demand for energy and limited stocks o f fossil fuels have 

resulted in the rapid development of renewable energy sources, with offshore wind power
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generation being one o f the most promising, although there are some challenges for 

electric power generation through the offshore wind resources.

World-wide, a total installed capacity o f 7.04 Gega Watt (GW) o f offshore wind-power 

was generated by the end o f 2013, representing about 2.2 % of the total world-wide 

installed wind-power generation capacity (GWEC, 2014). Collectively, the European 

Union (EU) has plans to generate approximately 40 GW from offshore wind-power by 

2020 (EWEA, 2009; E. ON Climate & Renewables, 2011). According to some more 

aspiring forecasts, a total of 80 GW could be installed by 2020 world-wide, with three 

quarters o f those in Europe (GWEC, 2011). Interest in offshore wind-power is also 

increasing in other regions of the world, with, for example, China, the USA and South 

Korea planning to produce 6.0, 3.0 and 2.5 GW, respectively, by 2020. Building on this, 

China and the USA have motivated strategies to generate 65 and 54 GW respectively 

from offshore wind by 2030 (Musial and Bonnie, 2010; AWEA, 2012). Such a high rate 

of growth in offshore wind-power generation will certainly lead to a significant increase 

in the rated power capacity o f the offshore wind turbines and offshore wind-farm sizes, 

and ultimately the size of the wind turbine foundation systems employed therein will be 

increased (see Appendix A).

Offshore wind-power generation presents many engineering challenges, including a lack 

of standards for analysis and design o f large foundation/support structures being the most 

problematic. On the other hand, the foundation/support structure typically represents 

35% of the development cost for an OWT installation, as reported by Byrne and Houlsby 

(2003) and more recently by Pappusetty and Pando (2013). This is mainly due to the 

growing interest in exploiting deeper waters and the fact that design, construction and 

maintenance o f offshore wind-farms is generally more complex than onshore wind-farms. 

Each site may require different engineering strategies depending on the soil conditions 

and water depth. Furthermore, there are several phenomena innate in the offshore 

environment, such as the effects o f permanent exposure to repeated load cycles o f wind 

and waves on the foundations o f the OWT, which are still not well understood and 

certainly require further research (Randolph et a l ,  2005; Rucker, 2007; Richter, 2009).

This study provides an insight into a number o f issues currently associated with monopile 

behaviour under low-amplitude repeated cycles of lateral loads and moments generated
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by various environmental factors. On the basis o f a comprehensive experimental 

programme, a simple predictive method is proposed to estimate the accumulated rotation 

o f the monopile from its initial vertical alignment with due consideration o f the repeated 

load cycle characteristics. Furthermore, two promising novel techniques are suggested to 

limit the rotation/deflection o f the monopile from its initial plumb line.

1.2 Aims and objectives

In recent years, several model studies have been performed to explore the behaviour of 

the monopiles subjected to both static and long-term repeated loading in different ground 

conditions. However, many o f these experimental findings contradict one another, and 

many questions remain open regarding the behaviour of the monopiles subjected to such 

loading conditions. In some studies, different options have also been proposed to limit the 

lateral deflection/rotation o f the monopiles subjected to long-term repeated lateral loads 

and associated moments generated by wind and waves and other harsh marine 

environmental factors.

This research work aims to investigate the complex behaviour o f large-diameter 

monopiles under the effects of repeated lateral loads, through different series o f small 

scale tests performed under normal gravity (Ig) conditions. The main factors driving this 

research work have been divided into the following three parts:

1. Characterisation o f monopile behaviour under repeated lateral loads:

(a) What is the general trend of pile displacement/rotation due to repeated lateral 

loads comprised o f many thousands of load cycles?

(b) Is there any effect o f loading frequency or the loading direction on the 

accumulated rotation of the monopile subjected to repeated lateral loads?

(c) Can a sudden failure due to repeated lateral loads be expected, analogous to 

the abrupt failure that can potentially take place in piles under repeated axial 

loads (Jardine and Standing, 2000; Schwarz, 2002)?

(d) Does the stiffness o f the soil-pile system degrade with repeated loads, as is 

commonly assumed in the existing design methodology?

(e) What are the main physical phenomena occurring in the surrounding soils in 

the long-term, and what are their extent and influence on the pile behaviour?

3



Chapter 1 Introduction

Can they modify the dynamic properties o f the soil and hence alter the 

dynamic response o f the whole turbine?

(f) Development of an experimental model to estimate the rotation o f the

monopile subjected to long-term repeated lateral loads.

2. Implementation o f innovative solutions to limit the lateral deflection/rotation 

o f the monopile when subjected to thousands of repeated lateral load cycles.

(a) By modifying the soil properties, through the installation o f small diameter 

piles in concentric rings around the monopile in a dry sand soil.

(b) By altering the geometry of the monopile, through the attachment o f a ‘ring- 

arm ’ arrangement to the head o f the monopile.

3. Objectives 1 and 2 could not be achieved without a reliable loading rig 

capable of applying many thousands o f repeated lateral load cycles under a 

range o f loading amplitude, loading frequency and loading directions (one

way or two-way). Therefore, this PhD study dedicated a significant amount 

o f the time to the development o f a novel load-controlled electromechanical 

loading rig to apply the required loading scenarios (see Appendix B).

1.3 Overview of the dissertation

Broadly speaking, this dissertation has been divided into three major sections: (1) Chapter 

2 and 3 present a review o f a broad range of the relevant literature; (2) Chapter 4 is 

related to the development of a novel loading rig; and (3) Chapter 5 and 6 describe three 

different experimental programmes including results, data analysis, observation and 

discussion. Finally, Chapter 7 encompasses the conclusions o f this study and 

recommendations for the ftiture scope o f work. The brief details about the individual 

chapters are as follows:

Chapter 2: Major parts of the OWT systems and structures are introduced. Wind and

wave generated loads o f the OWT structures are discussed in detail with emphasis on 

their characterisation and calculation. Different types o f foundation systems, those 

currently in existence and those currently in the research and development phase, have 

also been discussed in detail. Their major advantages, application limitations, design and 

analysis concerns, and construction details are briefly presented and discussed. The
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effects of loading frequency on the dynamic response/behaviour of various types of 

foundation systems are also appraised.

Chapter 3: Different existing methods for the design and analysis of laterally loaded

piles are discussed in detail and their major limitations and capabilities are identified. 

Empirical models to estimate the accumulated deflection/rotation of the monopile under 

lateral loading are evaluated. Design procedures for the OWT structure with monopiles as 

its foundation system are described, with a case study.

Chapter 4: Different scaling laws and issues for the study of small scale monopiles at

\ g  conditions are presented here. Existing loading systems for the scaled model study on 

monopiles under repeated lateral loads at Ig are assessed. Development and fabrication of 

the new loading rig for the study of small scale monopile behaviour under repeated lateral 

loads are described. Its capabilities and working mechanism under various loading 

conditions are documented in detail.

Chapter 5; Final experimental arrangements, including instrumentation, soil 

characterization, sample preparation technique, and the monopile installation procedures 

are explained. Experimental results exploring the long-term behaviour of the monopile 

subjected to various scenarios of repeated lateral loads are presented. Some of the 

experimental observations are found to contradict the design and analysis procedures 

currently being applied in relation to the interaction of soil-pile systems under repeated 

loads. On the basis of experimental data a model is developed to estimate the rotation of 

the monopile from its initial vertical alignment under many thousands of load cycles 

applied in the lateral direction. The model efficiently takes into account the characteristic 

behaviour of the load cycles as well.

Chapter 6: In order to limit the lateral deflection/rotation of the monopile, two novel

techniques are presented. The first one is related to the use of a ring-arm arrangement 

attached to the head of the monopile. The second is related to the installation of small 

diameter driven piles in the form of concentric rings around the monopile in dry sandy 

soil. The efficiencies of these two techniques were assessed through two different series 

of tests, and the experimental results were found to be encouraging.
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Chapter 7: The conclusions o f the study are summarised and recommendations for

future work, including some potential changes to improve the capability and efficiency of 

the loading rig and optimisation measures in the application o f the ring-arm arrangement 

and small diameter piles, are suggested.
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2 Environmental Loading and Different Types of OWT

Structures

2.1 Introduction

The research work described in this thesis is related to the long-term behaviour of 

monopiles foundation systems for offshore wind turbine (OWT) structures, which are 

frequently subjected to repeated lateral loads generated in the harsh marine environment. 

Section 2.2 o f this chapter outlines the major parts o f OWT structures that are exposed to 

winds and w'aves, these being the most prominent source o f  loading. To this end, as wind 

and waves are time varying stochastic processes, the essentials o f these processes are 

reviewed and the calculation methods o f waves and wind loading on OWT structures are 

explained in Section 2.3. Section 2.4 gives an overview of all the specific features of 

different existing and planned OWT foundation/support structures including their site 

specific applicability, details o f their geometric designs, nominal sizes and their 

merits/demerits. In section 2.5, the details of the dynamics behaviour of OWT structures 

are reviewed in the light o f the interactions and correlations between forcing frequencies 

and natural vibration frequencies. Section 2.6 deals with the measures to mitigate the 

damaging phenomena o f resonence associated with dynamically excited OWT structures 

and finally the summary o f this chapter is presented in Section 2.7.

2.2 Major parts of offshore wind turbine systems

Wind power turbines harness the abundant kinetic energy o f the wind, which provides the 

motive force to turn turbine blades and develop, via a drive shaft, the mechanical power 

to generate electricity. Primarily, wind turbines are categorized by the direction o f rotation 

o f the main rotor shaft (either horizontal or vertical) and whether they are located onshore 

or offshore (USDE, 2011). Horizontal axis turbines can be further classified as up-wind 

and down-wind turbines. For modem commercial wind turbines, the main rotor shaft is 

horizontally aligned. Rated power-generation capacity is mainly dependent on rotor 

diameter and wind speed (IRENA, 2012); e.g. if wind speed increases two fold, its energy 

content increases eight fold. Figure 2.1 shows the main components o f an OWT system, 

including a typical monopile foundation, substructure, transition piece, tower, rotor blades
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and nacelle (hub). Modem OWTs are installed with either pitch-regulated blades or 

variable rotational speed systems to allow optimization o f power production over a wide 

range o f prevailing wind speeds. The rotational speed o f the main rotor shaft is typically 

in the range o f 10 to 20 rev/min (Alderlieste, 2010; Malhotra, 2011) for wind turbine with 

rated power capacity o f 5 MW.

In Figure 2.2, a monopile is shown as the foundation system (various types o f the 

foundation system will be discussed in detail in Section 2.4). Together the tower, 

substructure (also termed as support structure) and foundation maintains the turbine in its 

correct operational position. The transition piece provides a means o f correction for any 

misalignment o f the foundation that may have occurred during its installation. In some 

situations, foundations can extend from seabed level to above the water surface, thereby 

also serving as substmctures by connecting directly to the transition piece or tower. The 

substructure connects the transition piece or tower to the foundation at seabed level.

Blade

N acelle

Hub
T 3

Work/service 
platform____ C l

V i

Sea level

f - v J2i

Seabed level
o .

- a

Figure 2.1 Major components o f offshore wind-turbine system
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Tower

Work/Service 
platform ____

Intermediate 
platform —

Sea level

Boat landing

External J-tube

JO

Scour protection c/2

Seabed level

Monopile-

Figure 2.2 Details o f monopile and transition piece

The nacelle (Figure 2.3) contains key electromechanical components o f the wind turbine, 

including the gearbox, generator, yaw drives, blade pitch change mechanisms, drive 

brakes, shafts, blade pitch bearings, oil pumps and coolers, controllers and more. The 

main purpose o f a gearbox in a wind turbine is to increase the rotational speed at the low- 

speed shaft in order to fit the needs o f the electric generator on the high speed shaft. The 

operational details o f these components have been reported by Maria (2009) and Tong 

(2010). Some concepts with a great number o f poles in the generator or permanent 

magnet generators even allow for direct drive; that is, the rotor drives the electric 

generator directly without a gearbox. However, a generator without a gearbox is much 

larger. This can be an unacceptable compromise in some situations. These are areas where 

simplification and innovation can pay off.

9
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11. Hydraulic cooling devices
12. Generator
13. Power converter and electrical control, 

protection and disconnection devices
14. Transformer
15. Anemometers
16. Frame o f  the nacelle
17. Yaw driving device
18. Supporting tower

Figure 2.3 Electromechanical parts (ABB, 2012)

2.3 Environmental loading for the OWT structures

There has been a speedy growth in the use of onshore and offshore wind farms as a source 

of clean and renewable energy. Around the world, there are also large regions of seabed 

that may be more suitable for hosting wind farms rather than other purposes. Offshore 

structures must be designed with due consideration for foreseen environmental conditions 

occurring at a proposed site over the project’s lifetime of typically 25 years or more 

(Sahin, 2004). A typical OWT structure is associated with three different ways of 

responding that are separated spatically and reflect the surrounding medium, i.e., 

aerodynamically with the wind, hydrodynamically with the sea water, and geotechnically 

with the seabed (Li et al., 2011). In general, horizontal (lateral) loads and resulting 

moments are large in proportion to the vertical loads for the OWT structure when 

compared with other offshore structures such as those for platform facilities for oil and 

gas production. For instance, in a study related to the OWTs supported by monopile

10
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foundation systems in the North Sea, it was found that the magnitude o f lateral loading 

can be up to 66% of the gravitational loads (Byrne and Houlsby, 2003). Furthermore, the 

foundation design is deformation sensitive, dominated by considerations of dynamic 

response and fatigue under working loads, rather than by ultimate conditions. 

Additionally, for the modern OWT, the combination of extreme sea and wind states is 

generally not critical, as the blades are fluttered during extreme winds to reduce the blade 

load and therefore the probability o f blade damage. Offshore structures are subjected to 

large numbers o f aerodynamic (wind) and hydrodynamic (combined ocean waves, 

currents and tidal) load cycles (Figure 2.4) o f varying direction, amplitude and frequency. 

Seismic loads are considered as a special type o f dynamic loading, however, the focus o f 

this study is on aerodynamic and hydrodynamic loading since these are considered more 

important in assessments o f an OWT structure’s fatigue life.

Ambient turbulence

Wake turbulence

Operational and accidental loads

Icing

Marine growth

Ship impactWaves

Currents

Seabed Scour

Figure 2.4 Environmental impacts on offshore wind turbines
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Wind conditions are important in defining not only the loads imposed on a wind turbine’s 

structural components, but also in predicting the amount o f fiature energy yield as a 

function o f wind velocity. A realistic assessment o f wind energy through statistical 

analysis o f  recorded wind data must be based on a realistic representation of: wind speed 

(preferably at hub height); speed frequency distribution; wind shear (i.e., rate o f change in 

wind speeds with height); turbulence intensity (i.e. standard deviation o f wind speeds 

sampled over 10-min period as a function o f mean speed); wind direction distribution and 

also extreme wind gusts with return periods o f up to 50 and 100 years (DNV, 2011). A 

representative instantaneous fluctuation in wind speed in the time domain is shown in 

Figure 2.5 (a).

2.3.1 Aerodynamic loading

In general, aerodynamic loading during normal wind conditions for an offshore 

environment can be characterised in terms of:

• Vertical wind profiles

• Mean wind-speed distribution

• Turbulence effects

2.3.1.1 Vertical wind speed profile

The vertical wind profile represents the variation o f the wind speed with height above the 

mean sea level. The mean value o f the 10-min wind speed data measured at a reference 

elevation o f 10 m above mean sea level (and in the case o f OWTs usually determined at 

hub height) is referred to as mean wind speed Ujo, irom which the mean wind speed Uz at

some other height z  above mean sea level can be approximated using either the "power

law' or the "logarithmic law' given by:

(2.1)

(2 .2)

where values o f a  ranges between 0.11 and 0.40 depending on site location e.g. a  = 0.11 

for open sea conditions, 0.16 for grassland and 0.40 for city centre/urban environments

12



Chapter 2 Environmental Loading and Different Types o f  OWT Structures

(Journee and Massie, 2001; Haritos, 2007; DNV 2011) and Zq is a roughness parameter 

with a typical value o f  0.0001 for open-sea environments, 0.01 for mown grass, 0.3 for 

forests and up to 10 for city centre/urban environments (DNV, 2011).

As for offshore conditions, the ground roughness is low and only slightly increased in the 

event o f  severe sea states that occur with high waves. The wind profiles are generally 

very steep compared to onshore sites and this usually allows for lower hub heights with 

minimal values generally dictated by clearance limits to the turbine’s service platform 

(see Figure 2.1). Periodic loading effects are also reduced since the difference in mean 

wind speed between upward and downward moving blades is low (Fischer, 2011).

2.3.1.2 Mean wind-speed distribution

Wind speed distribution quantifies the probability o f  different (mean) wind speeds 

occurring over a given time period at the site location (Morgan ef al ,  2011). Lacking a 

wind speed-time series o f  sufficient length (see Figure 2.5), the probability distribution o f  

wind speed serves as the primary substitute for data when estimating design parameters, 

including power output and fatigue loads for the structure. Under normal conditions the 

following expression can be used for calculation o f  the mean wind speed U z j  with

averaging period T  at height z above the sea level:

~Uz.T =  ^10(1 +  0 .1 3 7 /n ^  -  0 .0 4 7 /n ;^ ) ............................................................................... (2.3)
n  i i Q

where /; = 10 m and T/o=  10 minutes.

This expression converts mean wind speeds between different averaging periods. When T 

< 10 min, the expression provides the largest likely mean wind speed over the specified 

averaging period T. This conversion does not preserve the return period associated with

Uio-

For extreme mean wind speeds corresponding to specified return periods in excess o f  

approximately 50 years, the following expression (Froya wind profile) can be used for 

conversion o f the one-hour mean wind speed at height h above sea level to the mean

wind speed U2,t  with averaging period T  at height z above sea level:
13
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Figure 2.5 Fluctuation o f wind speeds about the mean value; (a) in time domain; (b) in 3-

dimensional space (after, Tong (2010))
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Uz.T = UiH ( l  +  C ln - ]  (1 -  O A l I A n — ) (2.4)

where A = 10 m and Ti h = 60 minutes and T < Tju and

0.06(1 +  0.043f/iH )(^) (2 .6)

(2.5)

It is common practice in offshore environments to establish the occurrence o f different 

wind speeds with the Weibull distribution (Burton et al., 2001; Ramirez and Carta, 

2005). The probability density function (/wind) o f  ̂  Weibull random variable (wind speed 

in our case) U can be given by:

While the cumulative distribution function, which is in fact the integral o f fwind^ can be 

established as:

distribution.

The values o f A and k, are larger for offshore environments, indicating higher probability 

of greater wind speeds compared with onshore environments (Fischer, 2011; Tricklebank, 

2008). Greater differences in wind speed distributions over time for offshore compared 

with onshore environments produce higher levels o f mean wind load and therefore greater 

power output. Long-tenn variations in wind speed are significant in terms o f predicting 

the energy yield from a wind turbine, whereas short-term fluctuations are more relevant 

for generated wind loads.

(2.7)

(2 .8)

where ^  is a scalar and k, is a shape factor that quantifies the width o f the wind speed

15
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2.3.1.3 Turbulence effects

The momentary deviations from the mean wind speed are defined as turbulence, hence 

the total wind speed can be written as the sum of mean wind speed and its fluctuating 

component (i.e., turbulence). In the lower layer of the atmosphere, also known as the 

surface layer (which extends to a height of 100 m), winds are modified by frictional 

forces and obstacles that not only alter their speed but also their direction. This is the 

origin of turbulence in the wind’s flows. For offshore environments, turbulence is usually 

determined with reference to the mean wind speed IJlo and is characterized by the 

standard deviation ay.  For a given value o f Ulo, the standard deviation Cy o f the wind 

speed shows a natural variability from one 10-minute period to another (DNV, 2011). 

The magnitude o f the turbulence depends on meteorological and geographical conditions 

in terms o f atmospheric layering and terrain. The main contributors to extreme loading 

and fatigue are stochastic eflFects in short-term fluctuations o f wind speed, such as 

turbulence/transient events like gusts (Quarton et al. 1996). A measure used for 

turbulence is turbulence intensity, defined as the ratio o f the standard deviation o f wind 

speed to the mean wind speed for a given time period (lEC, 2005; DNV, 2011).

For a particular site, turbulence intensity correlates with wind speed and surface 

roughness; higher wind speed and lower surface roughness producing lower turbulence 

(De Vries, 2007). Since wind is the primary energy source for ocean waves, higher wind 

speed may produce marginal increases in turbulence on account o f the ensuing increases 

in roughness o f the ocean surface (Letchford and Zachr>', 2009). Another aspect of 

fluctuating wind speed is turbulence induced in wake conditions (see Figure 2.4). 

Ambient non-obstructed turbulence is the 'normal' turbulence experienced by a single 

stand-alone turbine at a particular site (Frandsen and Thogersen, 1999). Wake effects can 

be significant, especially for dense wind-park layouts, where neighbouring turbines 

experience a superimposed turbulent wind coming from ambient and wake-induced 

turbulence. Ambient and wake-induced turbulence have a crucial influence on the fatigue 

life o f an offshore structure. The spectral density o f the wind speed , which explains how 

the energy o f the wind turbulence is distributed between different frequencies (including 

wake effects from any upstream wind turbines), is o f interest for the estimation of wind- 

energy yield. The spectral density o f the wind speed may be represented by the Kaimal 

spectrum.
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2.3.1.2 Aerodynamic drag force

Wind velocity fluctuates in the time domain at a particular height, and also with a change 

in height above sea level or the ground surface (Figure 2.5), although a mean value ( U - )  

can be established for a particular site location provided sufficient wind data sets are 

available. The instantaneous wind velocity can be considered as the superposition o f the 

turbulent component (w^) on the mean value. Hence, the total aerodynamic drag force 

( p D W in d )  acting on an offshore structure can be determined using Equations (2.9) and 

(2.10) (Jang and Shinn, 1999; API, 2010):

^ D W in d  ~  ^ - ^ P a i r ^ d a i r ^ w i . ^ z   (2-9)
2

^ D W in d  ^ - ^ P a i r ^ d a i r ^ w  C^z) P a i r e d  a i r - ^ w (JĴ Wz) + O.SpairCdairAwi\Wz\Wz)
 (2 . 10)

where is the density o f air; is the exposed area o f the offshore structure; Cdair is 

an aerodynamic drag coefficient that is dependent on the structure’s geometry and size; 

\ w z \  is the turbulent component (with the absolute value taken in order to bring the 

direction of the drag force in line with the wind velocity). The first terni on the right-hand 

side o f the Equation (2.10) represents the mean drag force, with the second and third 

tenns denoting drag forces components associated with wind velocity fluctuations.

Fluctuations around the mean wind speed impose aerodynamic forces, although when 

considering the dynamic behavior o f offshore structures, these are generally considered 

insignificant compared with hydrodynamic forces (Journee and Massie, 2001). Hence, 

wind speed is normally considered to be steady (without fluctuation), resulting in constant 

force(s) and constant moment(s). Dynamic analysis o f offshore structures is required in 

cases where the wind field contains energy at frequencies near the natural frequencies o f 

the offshore structures (API, 2010), although in the case o f monopile foundations, the 

difference in these frequencies is usually high (see section 2.5). Some statistical 

manipulations can be applied to the wind data (e.g., refer to Jang and Shinn, 1999; 

Haritos, 2007) for the inclusion o f dynamic forces due to wind velocity turbulence. 

Additionally, there are a number o f factors that may have a relevant influence on the wind 

loads, such as for instance stall and aeroelastic effects, possible flow asymmetries or the 

dynamic response when the turbine is at standstill conditions under strong wind, 

therefore, their importance should also be assessed during design (GL, 2005).
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2.3.1.3 Summary of the calculations process for the wind loads

The calculation process for the quasi-static wind loads for any offshore structure can be 

summarized as follows:

(a) Collection and determination o f the time-based data/statistics for the wind 

speed at the wind-farm site, which can be refined by means o f a Weibull 

distribution or any other suitable distribution (see for instance (Mittendorf, 

2006).

(b) The wind speed at a given height (usually 10 m or hub height) is calculated 

for the extreme event, for instance the strongest wind gust (3 seconds in 

duration) with a return period o f 50 years.

(c) The maximum wind speed for service conditions o f the wind-turbine is 

defined by the rotor design parameter in terms o f the cut-off speed above 

which the blades are rotated in order to offer minimum resistance to wind 

flow.

(d) The quasi-static pressure of the flowing wind upon the structure at every 

height can then be assessed through the Bernoulli equation.

(e) The integration o f the wind pressure over the exposed surface area of the 

structure, provides finally the total horizontal loads and overturning moments. 

Further details on the topic can be found in Tong W (2010).

(f) The aerodynamic loads acting on the rotor itself (thrust, drag and lift forces) 

are usually computed combining the so-called Blade Element Momentum 

Theory (BEM) and a vortex theory for small agitations (Hillmer et a l ,  2007; 

Cuellar, 2011) or by means o f three-dimensional computer codes.

2.3.2 Hydrodynamic loading

The main sources o f wave generation are wind (most significant), astronomical forces, 

earthquakes, submarine landslides and shipping or other nearby floating structure(s). We 

usually observe irregular waves on the ocean surface, although these can be treated as a 

superposition o f many simple, regular harmonic waves (Figure 2.6), each with its own 

amplitude ((a), wavelength (2), frequency (/), and direction o f propagation. Such a 

concept can be very useful in many applications since it allows one to predict complex 

irregular behavior in terms o f the theory o f regular waves (for further details see St. Denis 

and Pierson, 1953). The hydrodynamic loads acting on an offshore wind turbine structure
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afiFect both the substructure and the foundation, and these loads are generated by ocean 

waves and currents, with minor contributions arising from other sources.

‘time history’ 
(x=fixed)

z

‘snap shot’ 
t = fixed seabed

Figure 2.6 Definitions of harmonic wave propagation and parameters:

(a) in time domain; (b) in 3- dimensional space

The wind blowing over the sea generates wind-waves because of the pressure increase on 

the free surface o f water. Small waves are produced with high frequency and low wave
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height and the energy is progressively shifted towards the higher-amplitude waves with 

lower frequency and elongated wavelength. Many aspects are involved in the 

development of the sea state, including but not limited to, the water depth, the shape o f 

the sea bottom, the mean wind speed and the fetch. The latter term refers to the typical 

leeward distance to shore with consideration o f the prevailing wind direction.

The calculation and determination o f the impact of wave loads on the design o f offshore 

structures is a complex undertaking involving different wave models, load calculation 

methods and probability analyses. It is however, o f vital importance if  a cost-effective and 

durable structure is to be designed. Both the extreme and fatigue load cases need to be 

considered and the actual approach may differ for these two cases and for different 

support structures. The key to the problem is to determine the nature o f the waves, their 

distribution and their hydrodynamic properties. The procedures necessary to calculate the 

wave loading, for either the fatigue or extreme cases, can be divided into three stages: (1) 

determining the design wave or wave climate; (2) selecting an appropriate wave load 

calculation procedure; and (3) determining the effect on the structure (Henderson et al,  

2003).

2.3.2.1 Characterisation of ocean waves

For the characterisation o f ocean wave climates, two parameters are important; the 

significant wave height (W^) and mean zero-crossing period (Jz)- The height o f the ocean 

waves is usually expressed in term o f the significant wave height, defined as the mean 

value o f the highest one-third o f the waves in a given wave record. Ocean waves that 

induce fatigue loading with high frequency usually have significant wave heights o f ~1.0- 

1.5 m and a zero-crossing period o f 4-5  s (De Vries, 2011). In DNV (2011), the 

significant wave height is defined as four times the standard deviation o f the sea elevation 

process. The long-term distribution o f the can be given by Weibull distribution, similar

to the case o f wind data. is the average time between successive crossings o f the 

mean water level in an upward (or downward) direction (Joumee and Massie, 2001). 

Different levels o f wave height include the extreme wave height, the severe wave height 

and the reduced wave height, which are important in determining the platform levels on 

the OWTs structure, hub height, and accessibility o f offshore projects by vessels during 

construction and maintenance operations.
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2.3.2.2 Wave-height-frequency-spectrum

A  certain sea (ocean) state consists o f  a large number o f  w aves with various frequencies, 

wavelengths and w ave heights. The wave-height-frequency-spectrum describes the 

frequency content o f  the sea elevation data, i.e. a time varying signal presented in the 

frequency domain. One o f  the oldest and m ost popular w ave spectra w as given by 

Bretschneider (1959) and m athem atically represented by:

f . 125(Hs)2 ( - 4 9 7  \  / o  1 1 X
.....................................................................................................

where o) is the circular w ave frequency having units o f  rad/s.

In 1968 and 1969 an extensive w ave measurement programme, known as the Joint North 

Sea W ave Project (JO NSW AP), was carried out along a line extending over 100 m iles 

into the North Sea from Sylt Island, Germany. Analysis o f  the data yielded a spectral 

formulation for fetch-lim ited wind generated seas as (Joum ee and Pinkster, 2002):

.......................................................................................

where

= 3 . 3  (peakedness factor)

A =  ex p  —

ojp =  — (circular frequency at spectral peak time period, Tp)

0  =  a step  function o f o): if oo <  oOp then  a  =  0 .07

pt
o) =  2 n / T  is the circular wave frequency

if 00 >  OOp then  a  =  0 .09

A similar formulation for the JONSW AP spectrum is given in D N V  (2011), however the 

value o f  Ypf  has been correlated to the ratio o f  ■ A lso, when = 1, the

JONSWAP spectrum reduces to the Pierson-M oskowitz spectrum.

21



Chapter 2 Environmental Loading and Different Types o f OWT Structures

23.2.3  Wave particle kinematics

Many regular wave theories have been developed in order to capture the water particle

kinematics associated with ocean waves. Each theory pertains to a certain scenario with

different degrees o f complexity, hence they have different rankings among the offshore 

engineering community (Chakrabarti, 2005). Airy wave theory is the simplest of the 

routinely used regular wave theories, and its key features are introduced in this chapter in 

the context o f describing its role in modelling the character o f irregular ocean/sea states. 

Referring to Figure 2.6, with the wave moving in the positive horizontal (x) direction, the 

form o f the water surface (i.e. wave profile) can be expressed as a function o f x and time 1 

by Equation 2.13.

^{x, t) =  ^aCos(kx — o)t) ......................................................................................................(2.13)

and with the wave moving in the opposite direction by:

t ) =  ^aCos(kx +  (ot) ......................................................................................................(2.14)

where k =  2n/A  is the wave number; oj =  2ti /T  is the circular wave frequency and is 

the maximum amplitude o f the water particle from the mean surface level (see Figure 

2 .6).

The resulting water particle velocity components ii and v in the respective x and vertical z 

directions can be expressed by:

Cosh(khw+k<;)  .

"  =  ...........................................................................................................

^   (2 .16)
S in h ik h w )   ̂  ̂ ^

where is the mean depth o f the water body and (^(t) is the height o f the water particle 

above the mean surface level in the z-direction.

In deep water conditions, these velocity equations reduce to the following: 

u  =  Cos(Jkx — cot).....................................................................................................(2.17)
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V = Sin{kx — oat)...............................................................................................(2.18)

From Equations (2.15-2.16) or (2.17-2.18), a simple interpretation indicates that the 

elliptical orbits of water particles associated with Airy-wave theory reduce to circular 

orbits for deep water conditions. It should be remembered that wave loads depend on the 

water particle velocity. This means that horizontal wave loads in shallow waters may be 

unsafely undervalued if the calculations are based on deep water equations. Since the 

linear wave theory describes water wave kinematics from the sea bed up to the mean 

water level, a further step is required to determine the velocities and acceleration up to the 

instantaneous water level. Various methods have been utilized to account for the 

deficiencies of linear wave theory in describing near-surface fluid kinematics. Two 

popular corrective methods, known as stretching techniques, are: (1) Wheeler’s

stretching, which merely scales the vertical velocity profile to the instantaneous water 

elevation and (2) delta stretching, which introduces a linear extrapolation term for 

elevations above the mean water level. Other wave theories, including Stokes higher 

order wave theories (Fenton, 1985), Dean’s stream function theory (1965) and Cnoidal 

wave theory (Fenton, 1979) assume some definitive value of the wave amplitude (<f(t)); 

these are likely to be more suitable for extreme sea conditions, and particularly for 

modelling particle motions in shallow water.

2.3.2.4 Hydrodynamic drag force

For the determination of wave loads on monopiles (slender column), Morison’s method is 

considered most suitable in the design process as it compensates for the influence of the 

structure through its inertia coefficient. Diffraction theory and the Froude-Krylov force 

method (based on pressure integration) may offer insights for researchers and are more 

suitable for large size structures, such as gravity based foundations. Morison et al. (1950) 

formulated an empirical equation to predict the hydrodynamic loads acting on a vertical 

slender (pile) exposed to horizontal sinusoidal oscillatory flow. When sections of a 

structure are inclined or horizontal, the Morison equation can still be used, but the amount 

of calculation increases significantly due to the need to resolve the velocity and 

acceleration vectors perpendicular to the section under consideration, and then the 

combination of all the individual section loads in relation to the global grid. In this 

equation, the inertial force and the drag force (from real tlows and constant currents) are 

superimposed in order to obtain the resultant force on the projected area. In the time
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domain, the total horizontal load per unit length {F{t))  exerted on a fixed object (e.g., 

monopile foundation for OWT structure) as a result o f wave motion and currents can be 

considered as the linear addition o f drag forces (^dra^CO) and inertial forces (^mertiaCO) 

given by Morison et al. (1950):

~  ^inertiai.^^  " t "  ^ d r a g ( f )

Pinertiait) = ^P w C M D ^H t)  ................................................................................................ (2-19)

Pdragif) =  ^pwCoD-Uit).  | u ( t ) | ..........................................................................................(2.20)

where is the density o f sea water; D  is the cylinder (i.e., monopile) diameter over the 

distance between the seabed and ocean surface; u ( t )  =  UaCos(a>t), |u ( t ) | and u ( t )  are 

the horizontal water particle velocity, its absolute value and time derivative (acceleration) 

respectively, with Ua equal to the maximum along wave water-particle velocity ; Cm and 

Cd are inertial and hydrodynamic drag force coefficients respectively, whose values are 

dependent on Reynold’s number {Re) and Keulegan-Carpenter number (A'C) given 

Equation (2.21) and (2.22) respectively.

Re = 

KC =

U g P  

i 9  ■■

'^a^o

. . (2 .2 1 )

.(2 .22)

where 5 is the kinematic viscosity and is the oscillating wave period.

When waves and currents coexist, the combined flow field should be used in determining 

wave loads. During storm conditions, current velocities at the surface o f more than 1 m/s 

are not uncommon, giving rise to more than 10% of the total induced environmental force 

(DNV, 1996, Joint Industry Report). The absolute value o f the horizontal particle velocity 

is used in Equation (2.20) to ensure that the direction o f the positive force is defined in 

the direction o f the current, in other words the absolute value is introduced in order to 

synchronize drag force and flow direction.

Since velocity and acceleration are sinusoidal in time and 90° out o f phase with each other 

(Figure 2.7(a)) when seen as a function o f time, the resultant combined force (inertial 

force and drag force) appears to be irregular in the time domain (Figure 2.7(b)). In the
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case of shallow water depth, the waves are very steep and therefore the structure is 

subjected to high wave forces associated with spilling breakers. By contrast, in deep water 

the waves will be larger but less steep, and therefore will exert slightly lower wave loads 

on the structure. This is perhaps counter-intuitive, and highlights the need for careful 

consideration o f wave characteristics.
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Figure 2.7 Graphical representation o f variations in: (a) velocity and acceleration o f wave 
particle; (b) force against time for an idealized record related to monopile at reduced 

laboratory scale (Morison er al. 1950).
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The dominancy o f either drag force or inertial force have been assessed in terms o f the 

Keulegan-Carpenter number, with typical recommendations o f inertia force dominating 

for KC < 10, inertia and drag forces being comparable for 10 <KC < 20 and drag force 

dominating for KC > 20. In general, Cm and Co coefficients depend upon Reynold’s 

number as well as upon Keulegan-Carpenter’s number (Haritos, 2007). In the case of 

monopile foundations for OWT structures, widely-used design codes such as API (2010) 

and DNV (2011) specify or recommend appropriate values for Co and Cm, depending on 

the foundation (pile) surface roughness and (or) Re number.

In the case o f larger offshore structures (e.g. gravity based foundations, but also large 

diameter monopiles), the wave field is significantly influenced and a diffraction regime 

emerges. M orison’s formula is strictly limited for use with slender structural elements that 

are characterized by Z)/x<0.2: where D  is the external diameter o f the structural element 

between the seabed level and transition piece and X is the impinging wavelength o f the 

ocean wave. However, a significant number o f existing offshore structures have employed 

Morison’s equation even though the criterion o f D/X<Q.2 may not have always been fully 

satisfied (Haritos, 2007). For gravity based foundations, radiation analysis or diffraction 

analysis should determine wave loads (DNV, 2011).

2.3.2.S Summary' of the calculations process for the hydrodynamic loads

The calculation process for single wave loads may be summarized as follows:

(a) Local site statistics o f the sea state parameters (wave height and period), the 

maximum wave height and corresponding period are determined for both the 

extreme (50 year return period) and service (1 year return period) storm 

conditions are established.

(b) Preliminary calculation for the intial assement may be completed with the 

help o f suitable charts and tables in the offshore guidelines (e.g. in DNV, 

2011) or by means o f empirical formulas relating the wind velocity to the 

significant wave height and period, such as the Pierson-Moskowitz or 

JONSWAP spectral formulations (Mittendorf, 2006).

(c) Wave particle kinematics (wave length and water orbital velocities and 

accelerations) are defined at every depth by means o f a suitable wave theory 

(for instance, Airy’s Linear wave theory for deep waters).
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(d) By introducing the water particle velocities and accelerations into the Morison 

equation, the distributed drag and inertia forces per unit length o f submerged 

structure can be then estimated.

2.3.3 Relative significance of aerodynamic and hydrodynamic drag forces

Wind loads on offshore structures are seldom greater than hydrodynamic loads and often 

play a relatively minor role compared with them. However, wind loading has the longest 

lever arm when considering moments generated at the structure’s foundation (Byrne and 

Houlsby, 2003). Hence, it is best not to neglect the effects o f wind loading, at least for 

calculation of overturning (bending) moments acting on the foundation.

Wind forces are usually smaller in magnitude when compared with the hydrodynamic 

forces for OWT structures. However, the rotor thrust reaction due to the wind loads may 

generates up to 75% of the total overturning moments for OWT structure supported on a 

monopile foundation system, in the North Sea offshore environment. This is largely due to 

the longer lever arm o f the rotor thrust when considering the wave load interaction with 

the OWT structure with a considerably smallaer lever arm (Byrne and Houlsby, 2003). 

Nevertheless, the density o f the medium must also be considered when comparing 

aerodynamic and hydrodynamic lateral loading; one should note that the density o f sea 

water is significantly greater than that o f air. Generally, hydrodynamic forces only 

become significant for greater water depths and (or) wave heights that cause the lever arm 

o f the hydrodynamic force to increase, along with the intensity o f the lateral force 

generated by the sea water (Fischer, 2011). Wave climate and wind climate are correlated 

because waves are usually wind-generated. The correlation between wave data and wind 

data shall be accounted for in the design, however extreme waves may not always come 

from the same direction as extreme winds (Peng et al., 2006).

2.3.4 Considerations for cyclic loading

The assessment based on a single wave or wind gust cannot represent the loading

conditions o f an offshore wind turbine, since the sea states and wind conditions are

irregular and probibilistic in nature, and the structure will be subject to billions of load

cycles o f different magnitude during its lifetime. For the assessment o f a turbine’s

response to extreme short-time events, calculation can be performed by adopting a

suitable load history time signal o f a certain length (for instance, 600 seconds). Such a

time signal can in principle be derived by means o f an inverse Fourier transform o f a
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wave spectrum (e.g. the JONSWAP spectrum) defined by a significant wave height and 

peak period (see for instance (Kohlmeier et al., 2007) or (Boccotti, 2000) or be directly 

based on measured data o f wind speed and sea water level as discussed by Cuellar 

(2011). However, in order to assess the performance o f the structure during its design life, 

it is necessary to extrapolate the short-time data in some suitable way that provides the 

magnitude and occurrence o f both the large cycles in low numbers (i.e. the extreme 

events) as well as the lower cycles in large numbers (relevant for fatigue analysis where 

appropriate).

2.4 Foundation systems

Development o f offshore wind-farms away from the coastal line, i.e. in deep waters, 

brings new challenges for the foundation system designers, as the foundations typically 

represent 35% of the development cost for an OWT (Byrne and Houlsby, 2003; 

Pappusetty and Pando, 2013). Support structures/foundations for offshore wind-farms are 

usually more difficult than for onshore, containing greater technical challenges, including 

design requirements to withstand the harsh marine environment and prolonged impact 

under strong wave loading (see Figure 2.4). Despite the difference in loading conditions 

and offshore constraints, a number o f foundation systems that were developed for the 

offshore oil and gas sector are now being used to support wind turbines. These can be 

primarily categorised as either bottom-mounted structures (i.e. structures rigidly 

connected to the seabed through a foundation system), or floating-support structures with 

moored foundations that have no rigid connection with the seabed. Floating-support 

structures are recent developments and are currently in the research and development 

phase. On the basis o f distance from the shore line or depth of the sea level, the OWTs 

support structures/foundations can be categorised as:

• Shallow depth foundation systems (0-35 m)

• Intennediate depth foundation systems (35-60 m)

• Deep depth foundation systems ( more than 60 m)

Amongst other factors, the choice o f a particular foundation system primarily depends on 

water depth, seabed characteristics, wind and wave loading characteristics, available 

construction technologies and, most importantly the economic factors (Malhotra, 2011). 

However, there is often limited geological and marine knowledge at a given location for
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developers to make an informed decision about the most appropriate foundations and 

what the associated risks are with each concept for that site.

2.4.1 Shallow water depth foundation systems

At present, this category o f foundation systems is being widely used across the world . 

Gravity based, suction caisson/bucket and monopile foundation systems fall under this 

category. Figure 2.8 shows a tentative comparison o f the applicable water depth (up to 35 

m) for different foundation systems falling in this category.

b) Suction caisson c) Monopile
Se-a level

Seabed

Figure 2.8 Shallow water depth foundation systems

2.4.1.1 Gravity base

Gravity based foundations (GBF) are huge reinforced concrete structures designed to 

support offshore installations. These foundations were particularly popular in the early 

days o f offshore wind energy development. The water depths in which these early wind 

parks were built was also very low. The GBF may have a mass o f up to 700 tonnes and a 

height o f 20 m (AWS Truwind, 2010). From arrival at site, the complete cycle of
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installation of a gravity based foundation takes less than 24 hours (E.ON Climate & 

Renewables, 2011).

For the GBF, overturning, uplift, sliding, bearing capacity, lateral displacement and 

settlement may be the potential failure modes, hence the major design considerations 

(Malhotra, 2011). Design is also iterative in the sense that the large contribution from 

hydrodynamic loading depends on the shape and size o f the gravity structure, which is in 

turn governed by its load bearing fiinction (Henderson et a l,  2003).

Major advantages to GBF includes simple design theories, fabrication/construction and 

dismantling procedures. They are also economically competitive when environmental 

loads are modest and ballast for the foundation (e.g. pumped-in sand, concrete, rock, or 

iron ore) can be provided at low cost (Malhotra, 2011). GBF for smaller wind turbines 

can even be fabricated entirely in dry dock for easy transportation after completion, 

however this becomes difficult for larger OWT sizes.

These foundations are generally well suited to homogeneous soils due to even settlement 

and bearing capacity distribution. In the case o f soft soil layers, GBFs need to be skirted 

to provide confinement to the soft soil deposits and reduction in the scour potential 

(GDG, 2012). Depending upon the site 's geologic conditions, this foundation system may 

also require significant site preparation including dredging, filling, leveling, and scour 

protection (AWS Truewind, 2010), in addition to extensive site-specific soil analysis 

(Musial and Butterfield, 2006).

2.4.1.2 Suction caisson/bucket

A suction caisson/bucket is a large cylindrical structure, usually made o f steel, open at the 

base and closed at the top. It might be used either as a shallow foundation or as a short 

rigid pile. The shallow foundation option is more commonly used at sandy soil sites, and 

the anchor/pile application is more commonly encountered in clay or layered soils.

Typical dimensions of suction buckets range from 2 to 4 m in diameter for water depths 

less than 5 m and up to 12 to 15 m in deeper waters (Houlsby and Byrne, 2000), while its 

total mass is of the order of 200 tonnes. Interestingly, GDG (2012) has reported the 

installation o f suction buckets in depths o f up to 55 m. The length-to-diameter (L/D)
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ratios are typically governed by the soil type at the point of installation. In sands, an L/D 

ratio that exceeds 1 will typically cause piping failure to occur. In stiff clays, the L/D ratio 

may be up to 3 (5 for normally consolidated clays), due to the occurrence of a reverse 

bearing capacity failure of the soil plug at the skirt tip from the suction pressure (Byrne 

and Houlsby, 2004).

The installation of suction bucket foundations is usually performed in two steps (Byrne 

and Houlsby, 2003; Houlsby et a i, 2005, 2006; Versteele et a l, 2013): (a) self-weight 

penetration and (b) suction assisted penetration. During self-weight penetration, the 

foundation is placed on the soil and allowed to penetrate under its own weight for some 

time. When self-weight penetration is over, a seal is fonned around the bottom skirt of the 

foundation, and it is then ready for the second stage of penetration. The water is pumped 

out through an aperture at the top of the caisson, generating suction beneath the 

foundation, allowing the caisson foundation to penetrate to the desired depth (Byrne and 

Houlsby, 2003; Patel and Singh, 2013). Suction caissons perform optimally in soft clay 

situations where a seal can form around the caisson during suction in the installation 

process. Any soil material that is prone to fissures can inhibit the formation of a seal and 

therefore is unsuitable (Houlsby and Byrne, 2005). For suction-based installation, it must 

be demonstrated that the soil penetration resistance is lower than the suction driving force 

and that the soil inside the caisson does not dilate more than that induced by the 

displacement due to caisson penetration only. Particular consideration must be given to 

scour around the caisson perimeter, as this zone is critical to the uplift capacity of the 

caisson (Gravesen, 2004).

In addition to uplift or tensile loading (Byrne and Houlsby, 2004), bucket foundations are 

influenced by large moment loads from wind and waves, therefore the designer must fully 

understand the probable moment-rotation response over its life time (Zhu et ai, 2013). 

The stability of the foundation is ensured by a combination of earth pressures on the skirt 

and the vertical bearing capacity of the bucket. Hence, the design may be carried out 

using a design model that combines the well-known bearing capacity formula with the 

equally well-known earth pressure theories, such as Brinch Hansen (1961), Petrasovits 

and Award (1972), Meyerhof et al. (1981) and Prasad and Chari (1999)

The installation process for suction caisson foundations is faster and simpler than that of 

other alternatives. The overall installation is independent of weather condition. At the end
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of the wind turbine life-cycle, suction caissons can be removed completely from the 

seabed, usually by reverse suction (Byrne et al., 2002; Versteele et al, 2013). In addition 

to this, the installation process does not require the use of heavy lifting equipment (Zhu et 

al, 2013) or pile driving, making installation quick and inexpensive, as well as providing 

for easier removal of the structure upon decommissioning (Bhattacharya et al, 2013b).

A disadvantage of using suction caissons is the limited design guidelines (Houlsby and 

Byrne, 2005) and proven installation data for different types of soils, requiring detailed 

installation analyses prior to design (Zhu et al, 2013, 2014). Suction caissons are also 

susceptible to scour in shallow waters, and piping below the bucket tip may occur in 

sandy soils.

2.4.1.3 Monopile

Currently, the most fovourable option for offshore wind turbines is the monopile 

foundation system comprising large diameter cylindrical steel tubing with a transitional 

sub-structure that connects the pile to the turbine tower, effectively extending the turbine 

tower below the water surface and into the seabed. The monopile dimensions (length and 

diameter) are dependent on the OWT’s power generation capacity. Existing large- 

diameter offshore monopiles have slenderness (embedded length L to external diameter 

D) ratio values of less than 10 and are considered to behave as rigid structures (Tomlinson 

2001; Peng et al, 2011) with a typical diameter in the range of 5-7.5m (Achmus et a l ,  

2009) and a mass of up to 1,000 tonnes. The monopile embedment length is dependent on 

seabed characteristics/properties and total applied load, although an embedment length of 

30 m is usually deemed sufficient to meet design criteria, including vertical stability and 

horizontal deflection (Tricklebank, 2008; Musial and Bonnie, 2010).

Depending on subsoil conditions, the monopile is typically installed into the seabed by 

either drilling and grouting, or by driving, using large impact or vibratory hammers (or a 

combination of drilling and driving). This straightforward installation process has resulted 

in monopiles becoming the preferred industry concept. The installation process is usually 

completed in less than 24 hours (Junginger et al., 2004; Fischer, 2011; Saleem, 2011).

Factors affecting cyclic response include pile size, embedment length, soil properties, 

pile/soil relative stiffness ratio, loading characteristics and type of pile installation
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(Malhotra, 2011). Serviceability limit state is largely determined by lateral deflection 

(rotation) of the monopile under many millions o f load cycles (of the order o f 10  ̂

(LeBlanc et a i ,  2010), 10* (Achmus et al., 2009), and 10^ (Cuellar, 2011)) over the 

duration o f their service lifetime. For instance, the fatigue limit-state o f 10  ̂ number of 

load cycles o f magnitude 1.4 MN over the service life o f an OW T’s structure is reported 

in GL (2005). As a general rule, pile rotations o f up to 0.5*̂  (Achmus et al., 2009; LeBlanc 

et a l, 2010) from the vertical direction or lateral pile deflections (on the basis o f practical 

experience) at seabed level o f up to 120 mm under field loading are considered as limiting 

values for proper operation o f a wind turbine (Malhotra, 2011).

The major advantages associated with the use o f a monopile foundation system include 

wide practical experience available from the offshore oil/gas industry for its 

manufacturing and installation, and plentiful logistical support for transportation, leading 

to good overall economic projections for OWT projects. The monopiles are considered to 

have the least environmental impact on marine ecologies due to their modest geometry, 

although installation can be noisy. However, monopiles are depth-limited due to their 

inherent flexibility and can be unsuitable for soil strata with large boulders (AWS 

Truwind, 2010). This depth limit occurs when the natural frequency o f the turbine/support 

structure system is lowered into a frequency range where coalescence with excitation 

sources, such as waves and rotor frequencies, become unavoidable.

In deeper waters, in order to achieve the required value o f monopile stiffness, a cubic 

increase in its mass is required leading to substantial increases in the monopile’s length, 

diameter, and thickness. This means that installation equipment such as pile hammers and 

jack-up vessels become more specialized and expensive, and eventually this option is no 

longer cost effective (Musial and Butterfield, 2006). At present, there are some concerns 

regarding the use o f existing design codes/methods, specifically in the offshore oil and 

gas industries, which were developed for long flexible piles with higher ratios of 

embedded depth to diameter, and are now being used in a considerably different situation 

in the offshore wind sector, where large diameter rigid monopiles are subjected to high 

ratios o f lateral to vertical forces.

2.4.2 Intermediate water depth foundation systems (35-60 m)

In intermediate water depths o f 35-60 m , the shallow water support structures are 

replaced by fixed bottom systems that use a wider base with multiple anchor points, like
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those frequently used in the oil and gas industry. Figure 2.9 shows a tentative comparison 

o f the applicable water depth (in the range of 35 to 60 m) for different foundation systems 

falling into this category.

2.4.2.1 Guyed support structures

The guyed support structure is a concept where an offshore turbine is supported by guy- 

wires or guy-ropes. These guys-wires provide the lateral stability and hence the need for 

penetration can be avoided, substantially or completely. This principle has been used for 

on land and offshore oil production facilities, but the concept calls for a larger scale 

implementation for offshore wind.

Many advantages o f this support structure over the conventional structure have been 

reported by Carey (2002). Due to the large distances between the anchors, the bending 

moments and horizontal forces on the turbine can be supported in a more effective way. 

The concept proposes a unique installation technique where the whole wind turbine is 

installed in one step, thereby saving time and money. There is no requirement for on-site 

welding or grouting, and there is also no need for expensive pile driving or pile drilling 

equipment (Bunce and Carey, 2001).

When the foundation needs to be placed directly on the seabed, a certain amount o f 

seabed preparation is needed. This would add to the overall costs o f the project. 

Moreover, scour protection would also be needed, and would be more crucial as the 

complete vertical loads are supported by the seabed (Saleem, 2011). Another main 

disadvantage o f the guyed mono-tower is that the guy-wires have to be maintained at the 

same level o f tension at all times. Furthermore, additional piles have to be placed to 

anchor the guy-wires. Realising such issues, guyed support structures are complicated to 

install.

2.4.2.2 Multiple leg foundations

Multiple-leg foundations consist o f tripod or tetrapod structures made o f cylindrical steel 

tubing with either inclined or vertically-driven leg piles. The diameters o f the piles used 

in such types o f  foundation systems are substantially smaller when compared with single 

monopile foundation systems, as discussed in Section 2.4.1.3. These types o f foundations 

are suitable for water depths o f 25 to 50 m. Applied loads are largely transferred axially

34



Chapter 2 Environmental Loading and Different Types o f OWT Structures

through braces to the seabed foundation. Installation o f one tripod foundation system with 

a total submerged length (water surface to seabed) o f up to 50 m and mass o f up to 700 

tonnes typically takes two to three working days to complete, often requiring special 

equipment for driving/drilling and working underwater (Esteban et al., 2011; Fischer, 

20)1; E.ON Climate & Renewables, 2011). Additionally it requires piling, which has 

environmental noise concerns

The advantages o f the multiple leg foundations include their versatility, as they provide 

better lateral stability, more resistance to wave and current loading and inexpensive 

fabrication costs compared to jacket foundations. In cases where using a traditional 

monopile becomes unwieldy for size reasons, a tripod design can reduce the amount of 

material needed by broadening the foundation’s base. In comparison with monopile 

foundation systems, the major disadvantages of the multiple leg foundations include 

expensive construction and installation, complex transportation and difficulties in 

dismantling them. Design is also more complicated because each section needs to be 

designed for extreme load cases, as wind and waves come from every point o f the 

compass and are constantly changing in direction.

c) Jacket foundationsa) Guyed siipported 
structure

b) Multiple legs 
foundations

Sea leve l

S eabed

Figure 2.9 Intermediate water depth foundation systems
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2.4.2.3 Jacket foundations

A jacket/braced frame structure is a lattice frame o f small-diameter steel struts, similar to 

tripods/tertapods, anchored to the seabed using different foundation t>'pes. Braced frame 

structures having mass o f up to 600 tonnes (AWS Truewind, 2010) are characterized by a 

stiff, dynamic response, which makes them particularly suitable for severe maritime 

weather since the strut components offer lower resistance to prevailing ocean wave and 

current flows, compared with monopile or tripod structures. The jacket support structures 

are fixed to the sea bed using piles that are driven through pile sleeves. Both impact and 

vibratory hammers are used for this purpose. Complete installation generally takes up to 

three days to perform (E.ON Climate & Renewables, 2011).

For jacket structures the loading comprises both horizontal and vertical loads. The 

magnitude o f the horizontal load will depend principally on the water depth. The vertical 

load will be comprises both compressive and tensile loading, which can be more 

damaging (Byrne and Houlsby, 2004). Since all piles beneath the structure (jacket) can be 

loaded in either tension or compression (depending on the direction o f the wind and/or 

wave loads), the critical design pile length may be that which is required to resist the 

tension load.

The stiffhess o f a monopile can only be increased by introducing additional steel to the 

structure. However, jackets can be easily designed with different geometries to fulfil the 

stiffness requirements. Comparing jackets with monopiles, it can be clearly seen that the 

jackets are not one solid mass like monopiles, and this greatly reduces the amount o f 

material needed and the weight o f the support structure (De Vries, 2007; Saleem, 2011). 

Additionally smaller elements are integrated, so more suppliers can be found in the 

market at competitive rates.

Unlike monopiles, jackets consist o f many parts and they need to be put together, 

increasing complexity, time required and costs. Installation o f scour protection for the 

jacket support structure is more complex as the inner parts o f the piles are difficult to 

access . Increasing the number o f parts also increases the risk of failure. Additional stress 

checks are required for the joints and sections. The design and analysis o f jackets are 

more complicated and time consuming than a simple monopile (Saleem, 2011).
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2.4.3 Floating foundations/structure

In the future, it is also anticipated that offshore wind farms will be moving into deeper 

water, utilizing the new concept o f floating structures. These structures are currently only 

at the research and development stage, but will be commercially used, particularly for 

water depths greater than 50 m (Musial and Butterfield, 2006; Fischer, 2011, Saleem, 

2011). There are three main types o f floating turbine platforms (Figure 2.10):

(a) Ballast-stabilized spar-buoys that resemble floating vertical pols with ballast 

in the lower end. Buoyancy is provided to the wind-turbine structure by a long 

slender cylinder/capsule that protrudes below the water line (De Vries, 2007; 

Esteban et al,  2011; Fischer, 2011).

(b) Tension leg platforms (TLPs) that are tethered to the seabed with suction pile 

using high tension cables and suction pile anchors which virtually eliminate 

vertical movement;

(c) Buoyancy-stabilized barge with catenary' mooring lines, resembling a 

conventional semi-submersible rig.

It is reported that an anchorage point o f a typical TLP must be able to resist the large 

magnitude o f a vertical puli o f the order of 2000-7000 tonnes (Prasad and Rao, 1994). 

Currently, TLP concepts are considered as the most economical option in the category of 

floating structures (Fischer, 2011) because the rigid body modes o f the floater consisting 

o f horizontal translation (surge and sway) and rotation around the vertical axis (yaw) must 

be limited.

A primary difference between the load characteristics o f a floating wind turbine and a 

floating oil rig is that, for a wind turbine, large wind-driven overturning moments 

dominate the design, while for an oil rig the design is payload and wave driven. A floating 

turbine is just held in place by anchors installed into the seabed and there is no real 

structure on the seabed. This overcomes the need for scour protection and therefore 

reduces the time, costs and noise pollution associated with the installation o f scour 

protection. Most types of floating wind turbines can be constructed and assembled 

completely onshore and just towed to the location for mooring to the seafloor. This is a 

big cost saving as spending more time offshore translates to higher costs. Furthermore, 

floating turbines can also be brought to shore for repairs unlike fixed base turbines.

37



Chapter 2 Environm ental Loading and Different Types o f  OW T Structures

This technology is in the early phase o f developm ent, and it will take some tim e before it 

will be available for adoption. There is a vast num ber o f  possible offshore wind turbine 

platform configuration perm utations available when one considers the variety’ o f  available 

anchors, moorings, buoyancy tanks and ballast options in the offshore industry. At 

shallow water depths floating foundations are not financially feasible. At greater water 

depths harsh marine environm ents provide more unstable loads on turbine structures and 

can reduce their fatigue life. Ensuring the stability o f  a turbine is vital for reducing 

fatigue loads on the turbine and for smooth turbine operations.

Sea level

a) Ballast stabilized b) Tension leg
^ar-buoy platform (TLP)

™  S P " m  M rt

c) Buoyancy-stabilized 
barge

Seabed

Figure 2.10 Floating foundation systems

In conclusion, data for 2012 shows that, globally, m onopiles are the m ost popular type o f  

foundation system for OW T structures, with a market share o f  approxim ately 75% , 

followed by gravity based foundations having a market share o f  approxim ately 15%, and 

braced frame foundations claiming up to 3.5%, while the contribution from the floating 

support structures is limited to 0.1%  (NC, 2013). A general trend towards diversification 

o f  substructure types has continued in 2012 and 2013 and given the diversity o f  possible 

design conditions, it is unlikely that a single optimal substructure solution will arise in the 

near future.
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2.5 Correlation between loading frequency and natural frequency of OWT

structures

Offshore wind turbine (OWT) structures are dynamically sensitive because the natural 

frequency o f vibration o f these slender structures is very close to the excitation 

frequencies imposed by the environmental and mechanical loads (LeBlanc et al., 2010; 

Arany et al., 2014). The main dynamic loads acting on the OWT structures are as follows:

(a) The load produced by the turbulence in the wind. Its magnitude depends on 

the turbulent wind speed, as mentioned earlier.

(b) The load caused by waves hitting against the substructure. Its magnitude 

depends on the wave height and wave period, as mentioned earlier.

(c) The load caused by the vibration at the hub level due to the mass and 

aerodynamic imbalances o f the rotor. This load has a frequency equal to the 

rotational frequency o f the rotor (referred to as IP  loading in the literature). 

Modem OWTs are installed with either pitch-regulated blades or variable 

rotational-speed systems, in order to enable optimization o f power production 

over a wide range o f wind speeds. The rotational speed o f the main rotor shaft 

is typically in the range o f 10 to 20 rev/min. Hence, the first excitation

frequency IP, corresponding to one full revolution, occurs in the range o f

0.17 to 0.33 Hz.

(d) Loads in the tower due to the vibrations caused by blade shadowing effects 

(referred to as 2P/3P in the literature). The blades of the wind turbine passing 

in front o f the tower cause a shadowing effect and produce a loss o f v/ind load 

on the tower. This is a dynamic load having a frequency equal to three times 

the rotational frequency o f the turbine (3P) for three-bladed wind turbines and 

two times (2P) the rotational frequency o f the turbine for a two-bladed 

turbine.

The 2P/3P loading is also a frequency band like IP which gives impulse-like excitation

and is simply obtained by multiplying the limits o f the IP  band by the number of the

turbine blades. For instance, for a three-bladed turbine, the blade passing-frequency o f 

typically 0.5 to 1.0 Hz is denoted by the 3P frequency. As a first approximation, the 

support structure’s natural frequency can be determined by considering a simplified 

geometry for the whole structure. The turbine mass (M,) is concentrated at the top (free
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end) similar to a cantilevered strut that represents an equivalent steel pipe for the 

combined support structure, transition piece and tower assembly (Figure 2.11). In this 

case, the first natural frequency if„at, in Hz) o f the whole structure can be approximated 

by (Tong, 2010):

/n it =
3.04 El

4(7t) 2 (0.227/zZ-i+M )(Li)3
.(2.23)

where fx is the strut mass (kg/m length); Ll is the strut height and E l  is its bending 

stiffness (N-m^).

M, turbine mass

//,strut mass per unit length 

El, strut bending stiffness

Figure 2.11 Structural model o f flexible wind-turbine system

Figure 2.12 illustrates the excitation ranges o f IP  and 3P along with realistic normalized 

power-spectra representing aerodynamic and hydrodynamic excitations. The region 

before the IP is referred to as the ‘soft-soft’ zone and the region after the 3P is known as 

the ‘stiff-stiff’ zone. If  a structure’s natural frequency falls within the ‘soft-soft’ zone it 

will be too flexible and almost impossible to design; whereas in the ‘stiff-stiff’ zone it 

will be too rigid (heavy and expensive) and design will be unsuitable for transportation 

and installation. Wave and wind-turbulence excitation frequencies usually fall within the 

‘soft-soft’ zone which is another important reason why this frequency region is usually 

avoided (LeBlanc et a l, 2010; DNV (2011) suggests that the natural frequency o f the
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structure should not come close to the IP  or 3P frequency regions, remaining away from 

these zones by a margin o f at least 10%. A detailed insight into the dynamic o f the soil- 

structure behaviour for offshore structures is given by Adhikari and Bhattacharya (2011, 

2012), Bhattacharya el al. (2011, 2013a,b), Bhattacharya and Adhikari (2011) and 

Lombardi et al. (2013).

-  • Wind turbulance Waves

soft-stiff stiff-stiff

Wanted
frequency

-  ------  L_

0.1 0.2 0.3 0.90 0.4 0.5 0.6 0.7 0.8

Frequency (Hz)
Figure 2.12 Excitation ranges o f  frequencies for typical modem OWTs

For the most popular monopile foundation systems, a ‘soft-stiff’ design necessitates

higher structural and dynamic stiffness which can be achieved by increasing the monopile

diameter, or less efficiently, by increasing (reinforcing) the pile wall thickness. However,

larger diameter monopiles introduce drawbacks, including greater wave loading and also

larger driving equipment/forces necessary for installation and involve higher costs

(Schaumann and Boker, 2005). Compared with monopiles, the lattice frame of

jacket/truss support structures (Figure 2.9) provide large structural bending stiffness and a

more favourable mass-to-stiffness ratio, resulting in relatively reduced hydrodynamic

excitation (De Vries, 2011). In some cases, however, torsional stiffness may be reduced,

potentially leading to dynamic problems. Jacket support structures are designed as either

‘soft-stiff’ or ‘stiff-stiff’ systems, in either case, under long-tenn cyclic loading, the

system’s natural frequency should not coincide with the band o f 3P (Fischer, 2011). In the

case o f tripods, bracing along the lower length o f the central tubular section reduces

bending-moment loading, thereby increasing overall bending stiffness (Schaumann and

Boker, 2005; Saleem, 2011), with typical 1̂* natural vibration frequency ranging between
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those for monopiles (at the lower end of the range), and those for jacket support- 

structures/foundations under similar rotor-nacelle configurations and environmental 

conditions at the higher end of the range.

The choice of foundation type and design alters the overall system frequency. The soil 

foundation plays a vital role in defining its dynamic behaviour under long-term repeated 

load cycles. Depending upon soil type and soil conditions, the system's natural frequency 

may change under the long-term cyclic loading, for instance a clayey soil is prone to 

cyclic stiffness degradation while sandy soil is prone to cyclic stiffness up-gradation, 

hence the initial position of the system’s natural frequency in the available band should be 

carefully defined in order to avoid the undesirable resonance (Bhattacharya et al, 2013a).

2.6 Measures for the mitigation of resonance

Excitation/resonance of a dynamic system can be mitigated by damping, achieved either 

internally by friction in components of the structural system, or externally by an external 

source/force. Overall damping of an offshore structure can be achieved by combinations 

of aerodynamic, hydrodynamic, structural and (or) soil damping (refer to Bittkau (2010), 

Genta (1998) and Rodenhausen (2010) for further details). The soil damping itself can be 

divided into two main categories. In the first category, ‘material (hysteretic) damping’ 

occurs due to the aforementioned softening and hardening of the soil during cyclic 

loading. The hysteretic nature of these softening and hardening processes is apparent 

through the main mechanism for both, showing as “damage” to the structure of the soil by 

a rearranging of the soil particle layout and changes in the soil particle contact interaction. 

The second fonn of soil damping is ‘radiation (geometric) damping’, which takes the 

form of wave propagation through the soil (Matlock et al, 1978). This process is highly 

dependent on the frequency of loading and, to a lesser extent, the stress history. Further 

discussion on this particular issue is byond the scope of this thesis.

2.7 Summary of the chapter

This chapter provides an overview of some of the key features that are necessary for 

consideration in the planning, analysis, design and construction of the OWT structures. 

Proper modelling of environmental loading is necessary, not only from a structural design 

point of view, but also for a reliable estimation of the energy yield from a wind farm. The 

basic parameters involved in the estimation and characterization of aerodynamic loading
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include: (1) the vertical wind-speed profile; (2) the mean wind-speed distribution; and (3) 

the turbulence effects. It should be noted that offshore winds are not necessarily stronger, 

but are more consistent when compared with onshore conterparts.

For the characterization of ocean wave climates, two parameters are important: (1) the 

significant wave height (Hg) and (2) the mean zero-crossing period (T^) associated with 

the ocean waves. Wave number, wave frequency and wave amplitude influences the wave 

pressure distribution on an offshore structure in the vertical direction as well as in the 

lateral direction. The magnitude of the wave amplitude reflects the kinetic energy 

associated with the wave motion. The variation of the water depth inevitably affects the 

hydrostatic pressure as well as the dynamic pressure.

Airy wave theory is the simplest of the routinely-utilized regular wave theories used to 

describe the wave particle kinematics, although many limitations are inherent in its 

derivation and also in its implementation. Aerodynamic loading is the largest source of 

bending moment, and hydrodynamic loading is the main cause of lateral forces acting on 

the OWT structure supported by a monopile foundation system.

There are many options for foundation/support systems available for the OWT structures, 

and many are at the stage of research and development. The OWT support 

structures/foundations can be categorized into three main groups depending upon depth of 

seawater and also distance from the shoreline. Universal considerations in the selection, 

design, analysis and construction of these structures/foundations among others, include: 

(1) the anticipated loads which are derived from the power generation capacity of the 

OWT; (2) sea bed characteristics and distance from the shoreline (sea surface level); (3) 

available construction machinery and other logistics; (4) and financial constraints.

The recent data shows that a monopile is the most popular support/foundation system for 

OWT structures due to its easy fabrication and installation, although current monopile 

diameter sizes are beyond the proven size limits for the current design methods. There is 

room for improvement in all areas of wind farm development: in design, through the 

innovative use of composite materials, support structures and foundations; and in 

construction processes, through improvements in installation techniques, fabrication, and 

transportation.
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3 Design and Analysis of Monopile Foundations for OWT 

Structures

3.1 Introduction

The process o f design and analysis o f monopile foundations for offshore wind turbine (OWT) 

structures is a very complex exercise and requires expertise from various fields o f 

engineering. To this end, Section 3.2 o f  this chapter presents a detailed discussion on various 

existing methods for the design and analysis o f  monopile foundation structures that are 

subjected to lateral loading, both under static and repeated loads. Their advantages and 

limitations are elaborated upon, especially the most popular method. In Section 3.3, soil 

behaviour under repeated loads is discussed, and various empirical models to predict the 

pilehead deflection/rotation are presented. These models are based on experimental data 

obtained from full scale testing, laboratory scaled testing at normal gravity conditions, and 

testing performed in centrifuge facilities. Section 3.4 focuses on a case study for the design o f 

a monopile foundation for a 5 MW OWT. The various steps involved in the design 

procedure, including environmental data considerations and natural frequency requirements, 

are highlighted in this section. Design calculations are provided for the requirements o f the 

tower height and monopile dimensions which cater for its lateral stability. Section 3.5 

identifies various unclear issues which are relevant to the long-term behaviour o f  large- 

diameter monopiles, the most popular foundation system for OW T structures, when 

subjected to repeated lateral loads. Finally, a summary o f  this chapter is given in Section 3.6.

3.2 Analysis and design methods for laterally loaded piles

As discussed in Chapter 2, OW T structures are subjected to repeated lateral loads generated 

by aerodynamic and hydrodynamic factors, which lead to bending moments in the tower and 

the monopile foundations. Torsional moments are also generated, but their value is limited to 

about 1% when compared with the value o f  bending moments (Lensy and Wiemann, 2005). 

These lateral loads, bending and torsional moments are transferred to the soil through the
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monopile foundation. In reality, the behaviour of the monopile foundations is a nonlinear 3 -  

dimensional (3-D) soi 1-pile interaction problem. Precision in the analysis of the response of 

these piles that are subject to lateral loads depends upon the accuracy in the prediction o f soil 

resistance surrounding the piles. Numerous methods for the design and analysis o f laterally 

loaded single piles have been developed, which have various complexities in their 

applications under different conditions. These methods can be divided into five groups (Fan 

and Long, 2005), and a brief overview of these methods is given below.

3.2.1 Elastic continuum methods

Elastic continuum methods take soil as a 3-D  continuum, but the soil modulus is assumed to 

be elastic and varies with stress levels (Banerjee and Davies, 1978,1980; Randolph, 1981). 

Such approaches are theoretically more attractive than the beam-on-foundation approach 

(which is discussed later on) because the interaction of the pile and the soil is indeed 3-D  in 

nature.

Research in this direction was pioneered by Poulos (1971), who treated the soil mass as an 

elastic continuum and the pile as a strip, which applies pressure on the continuum. However, 

the method is less popular than thep -y  method (which will be discussed later on), most likely 

due to the fact that in reality the soil is nonlinear and the Young's modulus and Poisson’s 

ratio change with depth, and the assumption of a homogeneous isotropic semi-infmite soil is 

an ideal condition.

Different researchers have attempted to extend the elastic analysis to account for the soil 

nonlinearity by assuming elastic-perfectly plastic soil behaviour (Poulos, 1972,1973; Davies 

and Budhu, 1986; Budhu and Davies, 1988; Banerjee and Davies, 1978). Details on 

continuum based analyses methods can be found in literature such as Baguelin et al. (1977); 

Pyke and Beikae (1984); Lee et al. (1987); Lee and Small (1991); Guo and Lee (2001) and 

Einav (2005). However, these methods have been rarely used by practitioners because either 

the analyses involve complicated mathematics and do not provide simple, practical steps for 

obtaining pile deflection, or the methods are applicable only to linear elastic soils or for 

analyses at very low load levels (well below the soil yielding), which do not represent the 

reality o f practical problems (Fan and Long, 2005).
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3.2.2 Limit equilibrium methods

The limit equilibrium methods are relatively simple methods for calculating the ultimate 

lateral load-carrying capacity o f a single pile using simple static equilibrium equations. These 

methods assume that the soil demonstrates the perfectly plastic stress-strain relationship 

under ultimate loading. When the pile is subjected to increasing lateral loads, failure will be 

manifested by a rapid increase in deflection at the top of the pile. This excessive deflection 

may result from failure o f the soil surrounding the pile (i.e., short pile) or from the pile itself 

(i.e., long pile). By making reasonable assumptions regarding the distribution o f soil 

reactions along the embedded length o f the pile at failure, the ultimate lateral load carrying 

capacity can be calculated from simple static stability requirements.

In the existing literature, two models are used to gain some insight into soil movement at the 

ultimate soil resistance that will be developed against the laterally loaded pile (Reese et 

ai,  1974): (a) wedge failure, which is assumed to occur near the ground surface in front o f the 

pile (Figure 3.1 (a)), and assumes that the Mohr-Coulomb failure criterion is valid; and (b) 

flow failure. In using the former failure model, a smooth pile is assumed, and therefore no 

tangential forces occur at the pile surface. The active force is also computed from Rankine's 

failure model, using the coefficient of active earth pressure. With the flow failure, which is 

assumed to occur below a certain depth in the ground rather than at shallow depths, the sand 

flows around the pile as shown in Figure 3.1(b). The transition depth between these failure 

models occurs at the depth where the ultimate resistances based on the two failure models are 

identical.

The capacity of a laterally loaded pile is defined as the load at a specified displacement on a 

measured load-displacement curve (Broms, 1964a) or a certain rotation angle on a measured 

load-rotation curve (Dickin and Nazir, 1999). In general, the total lateral soil resistance (p) 

with units of force/length, along the embedded length of the pile, which comes into action 

against the lateral movement o f the pile due to applied lateral loading (H), can be expressed 

as the sum of two components: the frontal normal reaction (Q) and the side friction reaction 

(F) (Briaud and Smith 1983; Smith 1987), as shown in Figure 3.2. Both Q and F  have units 

o f force/length; however the separate quantification of these two components is not a trivial
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matter. Because, the problem o f determining the ultimate soil resistance (p„) for a laterally 

loaded pile is 3 -D  and nonlinear and finding a rigorous solution is highly unlikely.

Direction of pile 
movemenlw

w here 0 '  is the  effective angle of 

in ternal friction (in som e publications 

angle o f internal friction {<t>) is also used)

Fpf, passive 
'force

(a)

Pile

movement

Shear failure surface 
Movement of soil block

(b)

Figure 3.1 Failure modes o f  soil: (a) at shallow depth; (b) at deep depth (after, Reese et al.

(1974))
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Figure 3.2 A schematic diagram o f  soil-pile interaction under lateral load
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Several theoretical methods (Hansen, 1961; Broms, 1964a, Petrasovits and Award, 1972; 

M eyerhof el a/., 1981) have been published which predict the behaviour o f short rigid piles 

under lateral loads in cohesionless soils. These methods assume some form o f lateral soil 

resistance ip) distribution along the embedded length o f  the pile and is considered to be 

uniform along the width o f the pile (Prasad and Chari, 1999). A few investigators have 

measured actual soil pressure distribution along the length o f rigid piles using pressure 

transducers (Adams and Radhakrishna, 1973; Chari and Meyerhof, 1983; Joo, 1985; 

M eyerhof and Sastry, 1985; Prasad and Chari, 1999). Different shapes o f profiles for the 

distribution o f p  along the embedded length o f the rigid piles, as shown in Figure 3.3. These 

methods for determining the ultimate lateral resistance based on theoretical studies are either 

o f  a semi-empirical nature or employ approximate analyses, which often involve 

considerable simplifications (Jamiolkowski and Garassino, 1977). For instance, for the 

sandy soils, these methods usually involve the coefficient o f  earth pressure (K), which 

depends upon the value o f  the effective angle o f internal friction ( 0 ' )  o f  the soil.

Limit equilibrium methods provide an acceptable means for estimation o f the ultimate lateral 

load capacity in many types o f soil. Broms (1964a.b) has developed dimensionless charts that 

may be used easily and rapidly for estimation o f  the ultimate lateral load capacity. Broms
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(1964a,b) ignored pile rotation and assumed that the soil lateral resistance was distributed in 

the opposite direction to the load along the whole length of the pile.

Although the rotation of laterally loaded pile has been considered in the methods proposed by 

Hansen (1961), Petrasovits and Award (1972) and Meyerhof et al. (1981), the assumed soil 

resistance distributions are different from the actual soil resistance distribution observed from 

testing. The distribution of soil resistance proposed by Prasad and Chari (1999) provides a 

good prediction of the soil resistance distribution on a laterally loaded pile according to test 

results as documented by many researchers including Adams and Radhakrishna (1973); 

Chari and Meyerhof (1983) and Joo (1985). Limit equilibrium methods may be used for 

quick estimation of the ultimate lateral load carrying capacities of the piles; however, all of 

the assumptions used in such calculations introduce uncertainty into the accuracy of the 

results, which ultimately limits the applicability of these methods for final design purposes. 

These methods generally ignore any effects o f soi 1-pile interaction and hence may be 

difficult to apply to tapered piles, composite piles, layered soil conditions and strain- 

softening conditions. Limit equilibrium methods give no indication of the magnitude of pile 

movement required to mobilise the ultimate pile capacity, or of the load-deflection behaviour 

at loads less than those that cause failure.

■o

a) Brinch Hansen (1961) b) Broms (1964a) c) Petrasovits and Award (1972)
d) M eyerhof e /a /. (1981) e) Adams and Radhakrishna (1973) f) M eyerhof and Sastry (1985)
s') Joon985') hi Prasad and Chari n 999) i) Chari and M everhof ('1983')

Figure 3.3 Various lateral soil resistance profiles for piles under lateral loading
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3.2.3 Numerical simulation code

Numerical simulation for the soil-pile interaction is usually carried out using the finite 

element method (FEM) or finite difference method (FDM). With the advancement in 

computational capability, the most versatile continuum based method of analysis is available 

in the form of the FEM. This method can take into account the 3-D  and the nonlinear nature 

o f the soil using proper values of elastic constants (e.g., Young’s modulus and Poisson’s 

ratio) in appropriate nonlinear constitutive relationships. Numerical models based on 3-D  

finite element analyses (Bentley and El Naggar, 2000; Maheshwari et al,  2004; Maheshwari 

and Watanabe, 2006) provide better insights into the discontinuity conditions at the soil-pile 

interface, in addition to the nonlinear soil behaviour. The computationally competent Fourier 

series, coupled with the FEM, has been employed as well (Randolph, 1981; Carter and 

Kulhawy, 1992). The finite difference method (Klar and Frydman, 2002; Ng and Zhang, 

2001), the boundary element method (Budhu and Davies, 1988) and the upper-bound method 

of plasticity (Murff and Hamilton, 1993) have also been used to generate the computer codes 

to address the multifaceted issues related to soil-pile interaction.

The main advantages of the numerical simulation approach in relation to laterally load piles 

are that it can take into account; (1) the continuity of soil; (2) the complex soil-pile 

interaction; (3) damping and inertial effects of soil; (4) influence of gapping between pile 

surface and the soil strata; and (5) the effect o f construction sequencing.

However, the accuracy of any numerical simulation code still depends on the ability to 

predict/implement the soil properties; the correctness of the constitutive soil models used; 

appropriate application of soil-pile interface elements, and stiffness changes in soil during 

cyclic loading. The proper constitutive soil models for this type o f analysis need to be 

developed and also verified by the results from fiill-scale and/or centrifuge testing. Another 

disadvantage of this method is the high computation time, especially in the case of 3 -D  

analyses. Currently, the FEM has been predominantly used in research on laterally loaded 

piles, but the application of this method has rarely been used in the design phase due to the 

limitation o f current constitutive soil models, as well as the requirement of engineering time 

in generating the input and interpreting the results. In summary, though the numerical 

simulations are a powerful tool which can provide usefiil information about the system’s
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behaviour (soil-pile), they fail to reproduce the micro-mechanical phenomena occurring at 

the granular level, even if their effects are included artificially into the constitutive model. On 

the other hand, the discrete element method (numerical approaches), which aims to model 

every single soil particle as a discrete body, are usually limited by the shape and number of 

the particles in the model so that their applications to real size foundations is at present still 

quite limited.

3.2.4 Subgrade reaction method

The behaviour of piles under lateral loading has been studied since the 1940s. Hetenyi (1946) 

presented the theory of a beam on an elastic foundation based on the Winkler model; the pile 

foundation is modelled as a continuous beam supported by uniform elastic springs along the 

pile surface (Figure 3.4). The soil-pile interaction under lateral loads is considered through 

Winkler model and equilibrium of the pile (beam) deflection under applied loading is 

established through a fourth order differential equation (see Equation 3.1).

+  =  O ........................................................................................................... (3- )̂

where El (kN-m^) is the pile flexural rigidit>’ (bending stiffness); y  (m) is the lateral pile 

deflection at a particular depth ẑ ; (kN) is the axial pile load; p  (kN/m) is the soil reaction 

in the unit of force per pile length.

In many studies related to laterally loaded pile rigid piles, the influence of Px is usually 

ignored because after integration of Equation 3.1, the value o f dy/dz in the second section is 

very small. The Px will only be considered when the pile behaviour tends to buckle. The soil 

stiffness of a Winkler foundation is a function of lateral soil resistance, p, and the lateral 

deflection, which can be defined as p=Nhy (also given is literature as p=Epyy), where TV/, or 

Epy is the subgrade reaction modulus (also written in literature as secant modulus of soil 

reaction) applied to a supported beam and has units of kN/m^.

In the subgrade reaction methods which are based on the concept of beam-on-elastic- 

foundation, the beam represents the pile and the foundation is represented by the soil mass. 

This concept was adapted by many researchers (Reese and Matlock, 1956; Matlock and 

Reese, 1960; Broms, 1964a,b; Francis, 1964; Davisson, 1970) to analyse laterally loaded
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piles. However, the laterally loaded pile problem is more complex due to the following 

reasons: (1) soils in real field situations behave nonlinearly; (2) the subgrade reaction 

modulus is a model parameter rather than a fundamental soil property; (3) soil exhibits 

continuity, whereas in the subgrade reaction method the soil resistance is modelled with 

discontinuous springs, and pile geometry cannot be included directly in the analysis, hi order 

to simplify the problem, some researchers assumed the soil to be linear elastic up to a certain 

value of the pile deflection and perfectly plastic beyond that value (Bowles, 1997; Hsiung 

and Chen, 1997). Some researchers have also modified the approach to account for plastic 

deformation of soil by incorporating nonlinearity in the soil springs (Matlock and Reese, 

1960; McClelland and Focht, 1958).

3.2.5 p—y  Method

All of the solutions based on subgrade reaction theory are only valid in cases where soil 

properties are linear. In reality, the relationship between soil pressure per unit pile length {p) 

and deflection (y) is nonlinear. Taking the nonlinearity o f soil into account, the linear soil 

springs are replaced with a series o f nonlinear soil springs, which represent the soil 

resistance-deflection curve, the so called p -y  curve. In general terms, a typical p -y  curve is 

obtained by plotting the response of soil resistance (p) against the pile’s lateral deflection (y) 

due to the action of a horizontal load (H) applied at the pilehead level (Figure 3.4(a)). Figure 

3.4(b) shows the soil pressure generated around the pile shaft at a particular depth (z,) and the 

pile deflection (y,) response at that location. Figure 3.5 conceptualized the Winkler model 

approach and change in shape o f p -y  curves with the embedded length o f the pile.
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Figure 3.4 Pile under lateral loading: (a) lateral force H is applied to the pilehead; (b) soil 

pressure exerted due to deflection y, for a specified depth z.
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Figure 3.5 Winkler model approach and change in shape ofp-^v curves with depth 

3.2.5.1 Procedures for the development of p—y  curves

Original p -y  curves werer computed from the results of full-scale experiments with 

instmmented piles subjected to lateral load (McClelland and Focht, 1958; Reese et a l, 1974). 

In these experiments, bending moment values at selected points along with the embedded 

length of the pile were measured by the use o f strain gauges. The deflection o f the pile was 

obtained by double integrations of the bending moment curves, while the computation of the 

soil resistance w'as achieved by taking double differentiations of the bending moment curves 

with known boundary conditions. Several researchers have proposed different methods to 

construct p -y  curves utilising the strength and stiffness parameter values obtained from 

laboratory tests for various soil types. These p -y  curves are based on back-computation from 

full- scale test results. The existing p -y  curves can be categorised on the basis of; (1) soil 

type (granular or cohesive); (2) type o f loading (monotonically increasing or cyclically 

repeated) and (3) the level of the groundwater table. The construction of different types o f p -  

y  curves are briefly explained below.
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1. p—y  curves for soft clay (Matlock, 1970)

a) For a static loading condition:

i. Determine the ultimate soil resistance (p«) per unit length o f  pile, using the

smaller o f the values given by the following equations:

Pu =  ( 3  +  CuD.......................................................................................(3.2a)

Pu =  9c^D.....................................................................................................................(3.2b)

ii. Compute the deflection (yso), at one-half the ultimate soil resistance from the 

following equation:

yso =  2.5£soD ................................................................................................................ (3.3)

iii. Compute the points describing the p - y  curve for soft clay using the following 

equation:

0 .5 ( ^ ) '^ "  (3.4)
Pu Vyso>'

Values o fp  remain constant beyond y  =  8 7 5 0  as shown in Figure 3.6(a).

b) For a cyclic loading condition:

i. For values o f p  less than Q.llpu, construct the p - y  curve in the same manner as

for static loading

ii. Determine the transition depth using the following expression:

„  __ 6CuD
Zy — —............ ....................................................................................................................(3.5)

Y ' D + ] C u  ^  ^

If the unit weight and shear strength vary with depth, the values o f should be

computed with the soil properties at the depth where the p - y  curve is desired,

iii. If the depth o f the p - y  curve is greater than or equal to Zr, use p =  0.72p^  for all

values o f y  >  SysQ.
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iv. If the depth of the p -y  curve is less than use the following expression of 

Equation 3.6 to compute the value of p for values of y between 3yso and ISyso, 

while the value o fp  remains constant beyond y =  ISyso, as shown in Figure 3.6 

(b).

p =  0 .72p, g ) .........................................................................................................(3.6)

0.5 1/3
—  = 0.5

10 120 2 4 6 14
ŷ yso

(a)

(depth-wb^reJQow. around faiiwe^QvemaX - -

0.5

140 6 8 10 12 162 4
y/yso

(b)

Figure 3.6 Characteristic shapes ofjo-^v curves for soft clay in the presence of free water; (a)

static loading; (b) cyclic loading (after, Matlock (1970))
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where is the undrained shear strength at depth z^; D is the pile diameter; J= constant (0.5 

for soft clay and 0.25 for medium clay); p„ is the ultimate soil resistance; 3/50 is the 

deflection at one-half o f  the ultimate soil resistance; Zf is the depth from ground surface to 

p —y  curve; is the transition depth; £5 0 's the strain at one-half o f the ultimate soil resistance 

(with values equal to 0.020 for soft clay, 0.010 for medium clay, and 0.005 for stiff clay) and 

y '  is the effective unit weight o f the soil from ground surface to p - y  curve.

2. p—y  curves for stiff clay with no free water (Welch and Reese, 1972; Reese 

and Welch, 1975)

a) For a static loading condition:

i. Compute the ultimate soil resistance (pu) per unit length o f the pile using the 

smaller o f the values given by Equations (3.2a) and (3.2b).

ii. Compute deflection (yso) at one-half o f the uhimate soil resistance from 

Equation (3.3).

iii. Points describing p - y  curve as shown in Figure 3.7(a) may be computed from the

p = Pu for y >  16yso

b) For a cyclic loading condition:

i. Determine the p - y  curve for short-term static loading by the procedure previously 

given.

ii. Determine the number o f  times (number o f load cycles) the design lateral load 

will be applied to the pile.

iii. Determine the parameter C, describing the effect o f repeated loading, using the 

following Equation;

following expressions:

(3.7)

(3.8)
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iv. At the value of p  corresponding to the values of p/pu selected in Step (iii), 

compute new values of deflection for cyclic loading from the following equation 

as shown in Figure 3.7(b).

V c = y s  + ysoC logN ................................................................................................(3.9)

where N is the number of load cycles; is the deflection under A^-cycles of load and is the 

deflection under short-term static load, other parameters are already defined for the p -y  

curves for soft clay (Matlock, 1970).

1/4

— = 0.5

(a)

ON

yc = ys + ysoCiogNi 

yc = ys + ysoCiogN2 |

(b)

Figure 3.7 Characteristic shapes o f p -y  curves for stiff clay: (a) static loading; (b) cyclic

loading (after, Welch and Reese (1972))
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3. p -y  curves for stiff clay with free water (Reese et al., 1975)

a) Under static loading conditions:

i. Determine the ultimate soil resistance (pu) per unit length o f pile, using the 

smaller o f the values given by the following equations:

ii. Establish the initial straight line portion o f  the p -y  curve using the equation:

iii. Compute deflection (yso) at one-half the ultimate soil resistance from the 

Equation (3.13):

iv. Establish the first parabolic portion o f  the p -y  curve, using the following 

equation:

Equation (3.14) defines the portion o f  the p -y  curve from the point o f the 

intersection with Equation (3.12) to a point where y  =

(see Figure 3.8 for the values o f  parameter yl^)

V. Develop the second parabolic portion (from ^4^750 to 6A^y^Q) o f  the p -y  curve as 

shown in Figure 3.9(a), using the following equation:

Pŷ  =  2CqD +  y 'Dz  +  2.83CqZ (for wedge failure) (3.10)

Pu =  l lc ^ D  (for flow failure) (3.11)

p =  {kfiZt)y (for static loading) (3.12)

y s o  — ^ 5 0 ^ (3.13)

(3.14)

(3.15)
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vi. Establish the straight line portion (from 6 4̂ 5 ^ 5 0  to 18i45y5o) o f the p - y  curve 

using the following equation:

f  -  0.411 - ^ ( y  -  G A .y ^ o) .............................................(3.16)
Pu yso

vii. Establish the final straight line portion (beyond ISyl^yso) o f  the p - y  curve using 

the following equation:

^  =  O.S(6Asy/^ -  0.411 -  0.75^4^.....................................................................(3.17)
Pu

a) Under cyclic loading conditions:

i. Follow steps (i) to (iii) o f  the static case, while determining p  using:

p =  { k ^ z t ) y ................................................................................................................. (3.18)

ii. Compute the following value:

yp =  4.1Acy5o .............................................................................................................. (3.19)

(see Figure 3.8 for the value o f parameter Â .)

iii. Establish the parabolic portion o f the curve, up to 0.6y„ .

Pu
=  A j l -

y - 0 .4 5 y p

0 .45yp

5 /2

.(3.20)

Equation (3.20) defines the portion o f the p - y  curve from the point o f  the 

intersection with Equation (3.18) up /o y  =  0.6yp as shown in Figure 3.9(b).

iv. Establish the straight-line portion between 0.6ypto 1.8yp, using the following 

equation:

59



Chapter 3 Design and Analysis o f Monopile Foundations for OWT Structures

^  =  0.936^1
Pu

(3.21)

V. Establish the final straight-line portion, beyond 1.8yp using the following

where As,A(. are the constants determined from Figure 3.8; is the average undrained shear 

strength over depth = 5D; is the un-drained shear strength at depth z ,̂ where the p - y  

curve is required; are the coefficient o f initial subgrade reaction modulus for static and

cyclic loading and their value depends on the average undrained shear strength and system o f  

units used; 3 /5 0  is the deflection at one-half o f the ultimate soil resistance; £ 5 0  is the strain at 

one-half o f  the ultimate soil resistance and y'is the effective unit weight o f the soil.

equation:

— =  0.936/1
0 .102

(3.22)
Pu

0 0.2 0.4 0.6 0.8
0

Ac
As

2

4

N

8

10

12

Figure 3.8 Values o f Ag, Â . as function o f  z /D
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— = 0.055

1 / 2
^  0.5 — = 0.5 0.0625

E =  - V u yso

(a)

5 /2y — 0.45y,
- = A r l - 0.45y,

0.085

(b)

Figure 3.9 Characteristic shape of p - y  curve in stiff clay for: a) static loading; b) cyclic

loading (after, Reese et al. (1975))

61



Chapter 3 Design and Analysis o f Monopile Foundations for OW T Structures

4. p -y  curves for sand (Reese et a l, 1974)

i. Make the following preliminary computations using the following relations:

a =  ^ ,  13 =  4 5 +  ^ , K o  =  0.4, = ta n \ A S  -

ii. Determine the theoretical ultimate soil resistance (ps) per unit length o f pile, using 

the smaller values given by the following equations:

Ps =  y  z  

tan

KoZtan(<t>') sin(P) tan{p) + Koztanip) { tan{a)  sin(/?) -tani^-<p')cosa tan(^-<p’')

( a ) ) -  K a O ] ....................................................................................................... (3.23)

Ps =  D y 'z [{Katan^(P)  — 1) +  KQtan{(p')tan^i/S)] ....................................(3.24)

iii. Calculate the ultimate soil resistance, Py, at =  3 D /8 0  using the following 

relations:

Pu — Ps(for static loading)................................................................................. (3.25)

Pu — Ps (for cyclic loading)............................................................................... (3.26)

iv. Calculate soil resistance, at =  D/(50 using the following relations:

Pm =  Ps (for static loading)...............................................................................(3.27)

Pm — Ps (for cyclic loading).............................................................................. (3.28)

V. Establish the initial straight-line portion o f the p -y  curve using Equation (3.29):

P =  ( k h Z t ) y ................................................................................................................ (3.29)

vi. Establish the parabolic section o f the p -y  curve using the following relations as 

shown in Figure 3.10:

p  =  C ( y ) i /n ............................................................................................................ (3.30)
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with m =  n =  C =
V u -ym ’ rnym’ iy m y ^

where .4 ,̂ are the adjustment coefficient for static and cyclic p -y  curves from Figure 

3.11(a); Bg, are the non-dimensional coefficient for static and cyclic p -y  curves from 

Figure 3.11(b); D is the pile diameter; kh is the coefficient of subgrade reaction modulus 

(MN/m^) and its value for loose sand (submerged/above water) = 5.4/6.8, for medium dense 

sand (submerged/above water) = 16.3/24.4, for dense sand (submerged/above water) = 34/61 

(see Figure 3.13); is the depth from ground surface to p -y  curve; 0 '  is the effective angle 

of internal friction of the sand and y ' is the effective unit weight o f the soil.

z = z

z = z

m

y

Figure 3.10 Characteristic shapes of p-y  curves for sand (after, Reese et al (1974))
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A
0 1 2  3 4

0
Ac (cyclic) 

As (static)

2

3

4

5

6

7
(a)

B
0 1 2  3 4

0
Be (cyclic) 

Bs (static)1

2

3

4

5

6

7
(b)

Figure 3.11 Values of coefficients: (a) y4c &i4s; (b) as fijnction o f z,/D

5. p-;V curves by API and DIW methods

The API method for determining p -y  curves in the sand is based on the ultimate 

resistance ( p j  in dimensions of force per unit length established originally by Reese et 

al. (1974) and then modified by O’Neill and Murchison (1983).
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i. Determine the theoretical ultimate soil resistance (pi)per unit length o f  pile, using 

the smaller values given by the following equations:

P, =  {C^z +  C2D)y 'z , ....................................................................................................(3.31)

Vs =  C s D y ' z , .....................................................................................................................(3.32)

ii. Determine the adjustment coefficient (A ) for static and cyclic loading using the

following relations:

Ag =  ^3 — >  0.9 (for static loading)............................................................ (3.33)

Ac =  0.9 (for cyclic loading)......................................................................................... (3.34)

iii. Develop the characteristic shape o f p - y  curve using the following relation:

p =  A p , t a n h  y ..................................................................................................... (3.35)

where 4̂̂  , Â . are the adjustment coefficient for static and cyclic p~y  curves Ci,C 2 , C3  are 

coefficients determined from Figure 3.12 as a function o f  (p'.

Note: Values o f  coefficient o f  subgrade reaction modulus has also been proposed by Terzagi 

(1955), however, those values are almost 25% o f  the corresponding values given by Resse et 

al. (1974), in Figure 3 .13 .In the existing literature it is not categorically stated whether peak 

or critical state angle o f  internal friction to be used in the formulation o fp —y  curves for sandy 

soils. Though, in most o f  the references the value o f  the coefficient o f  subgrade reaction 

modulus has been related to the effective peak value o f  the angle o f  internal friction and/or 

effective unit weight o f  the soil, so the author suggests to use this definition o f  the angle o f  

internal friction. However, from athour’s perspective critical stae angle o f  internal friction 

should be used to get a more conservative value o f  the coefficient o f  subgrade reaction 

modulus particularly when long term behaviour o f  the soil at higher strain is under study.
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Figure 3.13 Values o f  coefficient o f  subgrade reaction m odulus (kh) as a function o f  0 '(a fte r ,

R esse et al. (1974) and API (2010))
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6. p -y  curves for sand (Ismael, 1990)

i. Calculate the ultimate soil resistance, using the Equation 3.36 to 3.39.

Pu =  Cp ..............................................................................................................(3.36)

Cp =  1.5 for 0 '  <  1 5 ° .............................................................................................(3.37)

C p = ^ f o r 0 ' > 1 5 ° ............................................................................................... (3.38)

cTpe =  2c ta n  ^45 +  ~ )  +  (J-^tari^ (^45 +  y ) ...................................................... (3.39)

ii. Develop the characteristic curve as shown in Figure 3.14, using the following

relationships:

^  =  0.5 f— ........................................................................................................ (3.40)
Pu vyso/

yso =  2.Ss,D  ...........................................................................................................(3.41)

where c is the soil cohesion; Cp is the correction factor for small width o f pile; D is the pile 

diameter; is the ultimate soil resistance; 3 /5 0  is the pile deflection at p = 0.5py^; cp' is the 

effective angle o f internal friction; is the passive earth pressure; is the effective 

vertical stress; the strain at 0.5{a^ — is the the ultimate deviator

stress; is the major principal stress and <73 is the minor principal stress.

1

0.5 1 /3

0
0 2 4 6 10 12 14

y/yso
Figure 3.14 Characteristic shapes o f p - y  curves for cemented sand
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7. p -y  curves for silty soils (Reese and Van Inipe, 2001)

i. Make the following preliminary computations:

a  =  ^ ,  l] =  45 +  ^ , K o  =  0.4, Ka =  t a n \ 4 S  -

ii. Determine the theoretical frictional component o f the ultimate soil resistance,

Pii0 j per unit length o f the pile, using the smaller values given by the following 

equations:

P " # ["iZTf-XlT+ d S S o  +

KQZtan{p)(tan{(f)'') sin{P') — t a n ( a ) ]  —  (3.42)

Pu4> =  Dy'zt [(Katan^((^)  -  1) +  Kotan((l)')tan'^(f^)]..................................(3.43)

iii. Determine the theoretical cohesive component o f the ultimate soil resistance,

Puc, per unit length o f  pile, using the smaller values given by the following

equations (similar to Equation 3.1 and 3.2):

=  ( 3 + ^ z , + ^ z , ) c D ....................................................................................... (3.44)

Vuc =  ^cD ...................................................................................................................... (3.45)

iv. Establish as 3D/80, and determine the corresponding value o f ultimate soil

resistance, p^, using the following equations:

Pu =  Pu(t) +  Puc (for static loading)................................................................... (3.46)

Pu =  Pu<t> +  Puc (for cyclic loading)................................................................. (3.47)

v. Establish as D/60, and determine the corresponding value o f ultimate soil

resistance, p ^ , using the following equations:

Pm =  Ps (for static load ing).............................................................................. (3.48)

Pm =  Be Ps (for cyclic load ing)............................................................................. (3.49)
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vi. Establish the initial straight line portion o f  the p - y  curve using the follow ing 

Equation:

P = Z t ) y ....................................................................................................... (3.50)

vii. Establish the parabolic section o f  the p - y  curve as shown in Figure 3.15, using 

the follow ing relations:

P = C { y y / ^  ...................................................................................................................... (3.51)

with m  - n  =  q — (sim ilar to one given in Equation
yu ym '^ym (ym)

3.30)

w here are the adjustm ent coefficient for static and cyclic p - y  curves from  Figure

3.10(a); B s , are the non-dim ensional coefficient for static and cyclic p - y  curves from 

Figure 3.10(b); /c^ =  is the coefficient o f  initial subgrade reaction m odulus contributed 

due to friction (see Figure 3.13); /ĉ -c is the coefficient o f  initial subgrade reaction m odulus 

contributed due to cem entation (see Figure 3.16).

Pm

F ig u re  3.15 Characteristic shape o f  p - y  curve for c-<l) soil (after, Reese and Van Im pe
(2001))
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Figure 3.16 Coefficient of initial subgrade reaction modulus (kcc) as a ftinction o f c„ (after, Reese

and Van Impe (2001))

3.2.S.2 Limitations o fp-y  method

Current pile design methodology based on p -y  curves, as explained in guidelines provided by 

API (2010) and DNV (2011), has gained broad appreciation on account o f the low failure rate 

o f  in-service piles over many decades. However, caution is required when applying this 

methodology for monopiles supporting OWT structures since, strictly, the design solution 

may often be outside o f its verified range and several important design issues may not have 

been properly taken into account. The API (2010) and DNV (2011) standards rely on 

methods built upon empirical data obtained for long, flexible piles in which bending is 

critical i.e. failure occurs in pile itself due to formation o f ‘mechanisms’.. In contrast, existing 

and planned monopile foundations for OWT structures have slenderness ratio values o f less 

than 10 (typically 5-6), indicating the rigid pile behaviour (Achmus et al, 2009; Peng et al, 

2011), for which pile rotation is generally more prominent causing significant strains in the 

surrounding soil, and rotation occurs about a point (i.e. axis o f rotation) located at a distance 

o f  approximately one diameter above the pile’s base/tip. Consequently, design criteria and 

analyses for flexible and rigid pile scenarios are considerably different (Dobry et al, 1982),
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which casts considerable doubt on applying the existing API (2000) and DNV (2011) 

methods based on p -y  curves, when predicting the in-service behaviour of offshore 

monopiles.

Effects of stratification, non-linearity and other soil properties are automatically adjusted by 

determining p -y  curves specific to different depths along the pile length (Figure 3.5), while 

the effects from stress history and loading frequency are not considered. Despite the stiffness 

{Epy) of the p -y  curve being a soi 1-structure interaction parameter, the API (2010) and DNV 

(2011) methods only consider the soil properties in formulating the p—y  curves, and the 

influence of pile properties on the mobilised p -y  curves remains unclear. Furthermore, the 

pile bending stiffness, El, has no importance in the formulation of the p -y  curves.

When decoupling the non-linear springs associated with the Winkler approach, another error 

is introduced as the soil in reality acts as a continuum, while the Winkler approach considers 

the behaviour of one spring (soil layer) independent from the behaviour o f adjacent springs, 

i.e. the shearing force between soil layers is not considered. Some researchers (Pasternak, 

1954; Belkhir et al., 1999) have also proposed modifications to the conventional p -y  method 

through the addition of a parameter to account for the shearing between the two adjacent 

layers of soil, but interpretations of the additional parameter were found to be difficult.

The p—y  curves for repeated loading, presented in the API (2010) and DNV (2011), were also 

primarily designed for evaluation of the ultimate lateral load capacity under the action of 

relatively few load cycles, compared with the many millions o f low-amplitude cycles 

experienced over the service life o f monopile foundations for OWTs. Furthennore, the 

methods in the API (2010) and DNV (2011) do not allow for calculation o f the accumulated 

pile deflection (rotation) during cyclic loading. Changes in foundation stiffness as a result of 

long-temi repeated loading (which typically densifies, but in some circumstances may 

loosen, the surrounding soil (LeBlanc et a l, 2010)) are also poorly accounted for in the 

current design methodology based on p—y  curves. Furthermore, the influence of the vertical 

pile load on the lateral soil response; the diameter effect on the initial stiffness of p -y  curves; 

choice of horizontal earth pressure coefficient; pilehead fixity; pile installation effects, and 

shearing force at the pile toe are open questions when implementing the p -y  method for the
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analysis o f monopile foundations for OWTs. In recent years, several researchers have 

attempted to deal with such limitation in different ways as discussed in the next section of 

this chapter.

3.2.S.3 Modern applications of p -y  method

In recent years the conventional p -y  curve method has been modified to consider the soil- 

pile interaction more realistically, including for instance; dynamic loading, pile-group effects, 

multi-directional loading and the three dimensional aspect of the soil-pile behaviour. These 

modifications are briefly discussed below.

3.2.5.3.1 p -y  method under dynamic loading

Established methods for dynamic analysis of laterally loaded piles are of a theoretical nature 

and make use of visco-elastic wave propagation concepts to model the d>Tiamic soil reactions 

against the pile. The dynamic loading effects are incorporated by adding a dash-pot in 

parallel to the non-linear spring governed by the p -y  curve. This arrangement enables one to 

account for the radiation (geometric) damping effect. Under the framework o f the 

conventional Winkler’s foundation assumption, the soil-pile contact is discretised to a 

number of points where combinations of springs and dashpots represent the soil-pile stiffness 

and damping at each particular layer (Dobry et a l, 1982; Gazetas and Dobry, 1984; Dobry 

and Gazetas, 1988; Makris and Gazetas, 1992; Kawadas and Gazetas, 1993). The dynamic 

p -y  curves, in fact, allow for the generation of different p -y  relationships based on the 

frequency o f loading and soil profile. Substituting dynamic p -y  curves in place o f traditional 

static p -y  relationships for analysis should result in better estimates of the response of 

structures and also to dynamic loading (Hajialilue et a l, 2007; Rovithis et a l, 2007a,b).

3.2.5.3.2 p -y  method for pile group affects

Traditional p -y  curves are not capable of incorporating the group effects of closely spaced 

piles subjected to lateral loading. A scaling factor, termed the "p-multiplier" (=<1), is used in 

a family o f p -y  curves for a given single pile by reducing the value o f p  to simulate group 

action. This approach accounts for overlapping o f the shear zones and the shadowing effect, 

leading to a reduction in the soil resistance mobilised at a given deflection. The p-multiplier 

is a function of: (1) pile stiffness; (2) pile spacing; (3) load or deflection level; (4) soil layer
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thickness and properties and (5) pile arrangements in a group (Brown et al., 1988; McVay et 

a l, 1995, 1996; Rollins et a l, 1998; Ashour and Norris, 2003; Ashour and Ardalan, 2011). 

For the same type of soil, the values of "p-multiplier", estimated based on the traditional p—y  

curves, could be substantially different from those obtained from site specific p -y  curves 

(Ashour and Ardalan, 2011). Usually, distinct p-multipliers are specified for each row of a 

matrix-type pile group, but not for each pile on the row individually. Table 3.1 summarises 

the suggested values of p-multiplier by different researchers for different rows in a group of 

piles.

Table 3.1 p-Multiplier values from test on fiill-scale piles in sand

Soil properties 
(References) Pile properties and 

driving details 
(A rrangem ent)

Spacing 
(tim

es 
of 

outer 
diam

eter 
of 

pile)

D
eflection 

range 
(m

m
)

First (front row
)

M
iddle 

(Second 
R

ow
)

Trailing 
(T

hird 

R
ow

)

Sand to silty sand (SP, 

SP-SM )

Rj<5W o, 4> ^38° 

(Rollins et al., 2005)

324 mm outer diameter, 

steel pipe pile-driven 

open ended to H  .3 m 

(3x3)

3.3 15-^0 0.8 0.4 0.4

Loose fine sand (SP)

R j  <30% , (j) =32° 

(Ruesta and Townsend, 

1997)

760 mm square p re

stressed concrete pile- 

driven 15.25 m into 6 m 

jetted  hole (4x4)

3.0 25-75 0.8 0.7 0.3

<50% , 0 = 3 8 ° , 

(B ro w n e /a /., 1988)

272 mm outer diam eter 

steel pipe filled with 

grout-sand com pacted 

around existing pile 

group (3x3)

3.0 2 5 -40 0.8 0.4 0.3

Silty sand to silt (SM , 

M L) R j  <40-60% , 

(H uang e /a /., 2001)

800 mm O.D., 560 LD. 

precast concrete pipe 

pile-driven closed ended 

to 33 m (3x4)

3.0 20-130 0.89 0.61 0.61
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3.2.S.3.3 p -y  method with three dimensional aspects

The three dimensional aspects o f soil-pile interaction behaviour have been incorporated 

through the concept of the ‘strain wedge (SW)’ model, which is in fact a 3-D  form o f the 

traditional 1-D  Winkler approach used to analyse the response of the pile under lateral 

loading (Ashour et a l, 1998; Ashour and Norris, 2000; Kim et a l, 2011; Heidari et al., 

2014). The notion of a mobilised passive wedge o f soil resisting a laterally loaded pile forms 

the hypothesis of the strain wedge approach, in which the pile response is derived from the 

stress-strain relationship of the soil, assuming a certain failure zone ahead o f the pile. Initially 

presented in connection with a laterally loaded pile in sand (Norris, 1986), the SW model has 

subsequently been applied to clay soils, layered soils, and pile groups (Ashour et a l, 1998; 

Ashour et a l, 2001; Ashour et a l, 2004).

A defining feature o f the SW model is an interdependent formulation that accounts for the 

varying flexibility and size of a passive wedge necessary to resist a laterally deflected 

flexible pile o f certain dimensions and bending stiffness. Consequently, possible output from 

the model includes p -y  curves generated over the depth of the mobilised passive wedge for a 

particular soil-pile system. The SW model is also capable of capturing the effect o f pile 

properties and the surrounding soil profile on the nature o f the p -y  curve. The strain wedge 

model initially developed by Norris (1986) has been verified only for conventional pile 

diameters. However, the extrapolation of this model to large-diameter monopiles for OWT 

structures requires an evaluation of the scale effects for the lateral load response.

.2.S.3.4 p—y  method under multi-directional loading

In reality, the lateral loads applied to pile foundations are often multi-directional (Alderlieste, 

2010; API, 2010, DNV, 2011; Su and Yan, 2013), and in some cases the amplitudes o f the 

two horizontal orthogonal components are comparable (Su and Li, 2008). Mayoral et al. 

(2005) conducted a series of model pile tests in clay under various multi-directional 

displacement paths. The results showed that the shape o f the p -y  curves is strongly affected 

by the loading path. Su (2011, 2012) performed a number o f laboratory-scale model tests on 

a sand-pile system under both unidirectional and multi-directional loading paths. The results 

indicate that the lateral resistance o f the pile under the multi-directional path is generally 

lower than that under the unidirectional path. The degree o f reduction depends on the

74



Chapter 3 Design and Analysis o f  Monopile Foundations for OW T Structures

characteristics o f the loading paths. As Su (2005) noted, the principle o f  superposition does 

not hold when the interaction between the pile and the surrounding soil is nonlinear. 

Therefore, most currently used p -y  models cannot be directly applied in the analysis o f the 

responses o f pile foundations under multi-directional lateral loadings. Su (2005) has 

proposed a multi-directional p -y  model for laterally loaded piles in sand, formulated within 

the framework o f the bounding surface elasto-plastic theory.

3.3 Nature and real behaviour of geomaterials

Soil deposits can be classified in many ways; by formation process, grain size (fine or 

coarse), age (young or aged deposit), and mineralogical content. The stress-strain relationship 

for any gcomaterial is highly nonlinear (inelastic) (Budhu, 2011), with strength and stiffness 

characteristics strongly dependent on stress history, drainage conditions (drained or 

undrained) and stress path followed under loading. Comprehensive literature supports 

inherent anisotropic, or in the case o f many sedimentary deposits, general cross-anisotropic 

response in relation to strength and deformation characteristics, and also for seepage 

properties for undisturbed deposits (Yasin and Tatsuoka, 2000; Wang and Lade, 2001; 

O'Kelly, 2006). Hence, on account of the initial and stress-induced anisotropy o f most 

deposits (Naughton and O ’Kelly, 2004), soil defonnations can occur whenever there is a 

change in magnitude o f the principal stresses and (or) as a result o f  reorientations o f  the 

principal stress axes due to cyclic lateral loading.

3.3.1 Simulation of in-situ stress conditions in the geotechnical laboratory

The values o f  pertinent parameters used to describe the response o f the bearing soil under 

cyclic loading can be determined in the geotechnical laboratory using cyclic triaxial tests 

apparatus (Das, 2008), although in this case the system o f cyclic axial loading and lateral 

confining pressure acting on the test specimen is axi-symmetric. An advancement on the 

cyclic triaxial apparatus is the state-of-the-art hollow cylinder apparatus (HCA) (O ’Kelly and 

Naughton, 2005a), which allows independent control o f  the magnitudes o f  the three principal 

stresses and o f the orientation o f the major-minor principal stress axis, and is ideal for 

simulating cyclic multi-directional loading conditions on cross-anisotropic test specimens. 

Hence, generalised stress path testing can be performed using the HCA, whereby the stress 

histor)' and in-service loading conditions at specitlc points in the soil foundation can be
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simulated and put under stress (O ’Kelly and Naughton, 2009) or strain controlled conditions 

(Naughton and O ’Kelly, 2005; Das, 2008). Special specimen preparation techniques 

(O ’Kelly and Naughton, 2005b) are necessary in order to prepare the test material (which is 

often disturbed during sampling) in a physically identical condition to the in-situ deposit. In 

many practical situations, laboratory testing may become too laborious, expensive and time 

consuming. In-situ testing techniques, including the Cone Penetration Test (Igoe et a l, 2012), 

have been adopted for offshore site investigations.

3.3.2 M odelling o f soil behaviour under cyclic loading

Many models o f different complexity and acceptability have been developed for the 

prediction o f  strain accumulation in geo-materials under cyclic loading. For instance, 

Barksdale (1972); Sweere (1990); Hornych el al. (1993); and Paute et al. (1996) developed 

models which considers the number o f  load cycles, only. Strain accumulation models 

proposed by Pappin (1979); Lentz and Baladi (1981); Li and Selig (1996); Lekarp and 

Dawson (1998) and Chai and M iura (2002) consider the number o f load cycles and stress 

level. Niemunis et al. (2005) and Karg (2007) are o f the view that strain accumulation in geo

materials depends upon the stress level and material properties. Based on results from cyclic 

triaxial tests on the North Sea sands, Marr and Christian (1981) developed empirical charts of 

accumulative soil strains to estimate the permanent displacements o f  marine structures. They 

observed that the mean shear stress level had a direct effect on the magnitude o f the residual 

strain, while the cyclic stress ratio and mean confining stress were only included as part o f 

empirical coefficients within a power-law function o f  the number o f applied load cycles.

Nevertheless, while strain accumulation in soils under repeated loading is dependent on 

material properties, stress path (level) and number o f  load cycles (Niemunis et a l, 2005; 

Karg, 2007), a major limitation for application in design calculations o f offshore foundation 

is that none o f  the above methods explicitly consider soil-pile interaction under lateral 

loading. In reality, the pile deflection (rotation) response under lateral loading arises from the 

soil behaviour, which is dependent on the loading conditions/mechanism. A few methods 

have been tailored for this specific scenario, and these are discussed in the context o f the 

design o f monopile foundations for the OW T structures in the next section. An analogy may 

be drawn between the behaviour o f soil in the immediate vicinity o f  an OW T foundation
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(monopile in our case) and that o f a pavement structure under repeated wheel loads o f 

varying intensity, with rotation o f the principal stress axes occurring along with load 

variation in a single cycle. Discussion on numerical modelling, consideration o f dynamic 

constitutive soil models and damping related issues is beyond the scope o f this thesis, 

however, strain accumulation models that consider the soil-pile interaction specifically are 

discussed here.

3.3.2.1 Model of Little and Briaud (1988)

The method by Little and Briaud (1988) is based on experimental results obtained from six 

full-scale cyclic lateral load tests performed on long pre-stressed concrete and steel pipe piles 

(D = 0.6-1.06 m), installed in a 22 m thick stratum o f  loose-to-medium dense sand overlying 

stifF clay. 20 load cycles were performed during each pile test. One of the more noteworthy 

outcomes from their work is the higher damaging effects observed during the initial cycles as 

compared to the other cycles.The following power function was proposed for estimating the 

accumulated lateral strain (£„) at ground surface level after TV number o f  load cycles;

Sn = £i JV^........................................................................................................................................ (3.52)

where is the strain response after the first load cycle and the exponent m is a parameter to 

account for the influence o f  soil properties, pile material, installation method and loading 

characteristics, with experimentally derived m values o f 0.04-0.09 for the flexible test piles 

(Little and Briaud, 1988).

Numerical studies have indicated values o f m equal to 0.07 and 0.135 for flexible and rigid 

piles respectively (Kuo et a i ,  2012). The validity o f this equation has been verified using 

cyclic lateral load test data obtained for model piles installed in medium dense quartz sand 

(Peralta and Achmus, 2010). It has also been shown that the exponent m can be evaluated 

from consolidated drained cyclic tri-axial test data (Peralta and Achmus, 2010). However, the 

method proposed in Equation (3.52) is empirical and correlated with limited test data {N< 20) 

for loose-to-medium density sand.
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3.3.2.2 Model of Long and Vanneste (1994)

The m ethod proposed by Long and V anneste (1994) is based on a closed-form  solution for a 

beam on elastic foundation, with linearly increasing coefficient o f  subgrade reaction m odulus 

against depth below  the ground surface. T hey applied this technique using input param eters 

derived from reported field data o f  repeated lateral load tests perform ed on 34 piles o f  

different length, diam eter, and m aterial, and installed using different techniques. Their study 

is more methodical compared to Little and Briaud (1988), since they tried to include the effects o f 

various parameters like the soil’s initial condition, cyclic load characteristics and installation 

methods.

Long and Vanneste (1994) proposed that the accum ulated lateral strain at ground surface 

level after jV load cycles can be estim ated by:

^  A-H  B .M
”  ( E / ) l / 2 . S ( f e ^ ) l / 1 . 6 6 7  g , 0 . 6 ( f e ^ ) l / 2 . S  ........................................................................................................................................................................

w here El  is the flexural rigidity o f  the pile; is the coefficient o f  subgrade reaction 

m odulus for the Nt h  cycle o f  loading; / / a n d  M a re  the horizontal load and m om ent applied to 

the pilehead (at the ground surface level) respectively; and A  and B  are scalars determ ined by 

pile length and relative stiffness Tr, w ith the latter given by 7^ =  { E l .

In Equation (3.53), all o f  the variables can be taken as known except for the coefficient o f  

subgrade reaction m odulus for cyclic loading, w hich is calculated by:

kt ,  = k ^ N - ^ ................................................................................................................................................. (3.54)

with the exponent t determ ined em pirically  by:

t  = 0 . 1 7 F ,F i F o .........................................................................................................................................(3.55)

w here k^  is the is the coefficient o f  subgrade reaction m odulus for the 1 '̂ cycle o f  the load; 

Fi, Fi and Fp are em pirically determ ined factors given in Table 3.2, to take into account the 

influence o f  the cyclic load ratio, pile installation m ethod and soil density, respectively. The 

recom m ended range o f  / is 0.2 to  0.4 (B rom s 1964a; Davisson 1970).
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T his m ethod  p rov ides a re la tiv e ly  sim ple  p ro ced u re  fo r p red ic tin g  the e ffec t o f  cy c lic  lateral 

load ing , a lthough  it is sp ec ifica lly  restric ted  to  scen ario s  invo lv in g  linearly  increasing  

coeffic ien t o f  subgrade  reaction  m o d u lu s against dep th . F u rth e rm o re , s tra tifica tio n , n o n lin ea r 

soil response  and the o th e r fundam enta l param eters  (e .g ., soil u n it w eigh t, s treng th ) tha t 

a ffec t lateral load response  are  no t exp lic itly  taken  in to  acco u n t by  th is  m ethod , and ou t o f  

the  34 p ile  te s ts  considered  in dev e lo p in g  E quation  (3 .5 3 ), m o st w ere  sub jec ted  to  less than 

50 load cycles.

3.3.2.3 Model of Lin and Liao (1999)

Lin and Liao (1999) studied the accum ulation o f  perm anent strains in sand due to  variable 

am plitude cyclic lateral loads applied to the p ile ’s head. In this study, a degradation param eter 

was obtained from the results o f  26 flill scale tests under cyc lic  lateral load ing  (N<  50). In their 

w ork, they assum ed contact at all tim es at the pile soil interface. L in and  L iao  (1999) p ro p o sed  a 

logarithm ic  trend  to  cap tu re  the  accum ula ted  stra in  £„ at th e  g round  su rface  level a fte r N  load 

cycles:

£n =  t  ln { N ) ]  ................................................................................................................................... (3 .56)

w here  1 is a degradation  p aram ete r de term ined  by:

t  =  0 m 2 ^ F , F i F o .......................................................................................................................................(3 .57)
 ̂r

The co n trib u tin g  fac to rs o f  E q ua tion  (3 .57) are s im ila r to  tho se  in E quation  (3 .55), w ith  

in sign ifican t d ifferences in va lu es  from  tho se  repo rted  in the  L ong  and V anneste (1994) 

m ethod , as g iven  in Table 3 .2 . H ow ever, consid erin g  th e  a rray  o f  in fluenc ing  facto rs, cau tion  

is urged  regard ing  em pirical p aram eters  d escrib ing  the  lo g arith m ic  change in p ile  deflec tion  

(o r ro ta tion).

Tw o load ing  scenarios w ere  considered  b y  L in and  L iao  (1999): one-w ay  load ing , in w hich  

the app lied  horizon ta l load in creases  from  zero  to  its m ax im u m  v alue  (Hmax), b efo re  reducing  

to  zero  again , th e reb y  co m p le tin g  one  cycle  o f  load ing  (i.e ., =  I', tw o -w ay  loading ,

in w hich  the  horizon tal load fo r each  cycle  also  in creases  in the  oppo site  d irec tion , reduc ing  

its va lue  below  zero  to  (F igu re  3.17). It w as p ro p o sed  th a t fo r both  the  L on g  and

V anneste (1994) and L in and  L iao  (1999) m ethods, o n e -w ay  load ing  gen era tes  g rea te r
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accumulated strain compared with two-way loading. Similar overall behaviour has been 

reported from studies on model scale monopiles (Peng et a l, 2011), with balanced two-way 

loading ( iW m a x I  = \ ~ ^ m i n \ )  H „ ,ir /H „ a x  = 1  producing about 80% of the lateral deflection 

recorded under one- way loading of the same magnitude.

o —  One-way loading Blanced two-way loading -Q—  Unbalanced two-way loading

maxB

c dO
hJ

O 0

Time

Figure 3.17 Different modes of load variation against time

Unbalanced two-way loading ( |H j „ a a : l  ^  \ ~ ^ m i n \ )  was reported to reduce the amount of 

lateral deflection even further. An increase in stiffness o f the bearing soil was also observed 

in conjunction with increasing numbers o f load cycles. Similar formulations, as given by 

Equation (3.55), have been proposed by Verdure et al., (2003) and Li et al. (2010) on the 

basis of centrifuge experiments performed on miniature piles installed in sandy deposits, with 

the degradation parameter t estimated by curve-fitting of experimental data. The change in 

soil stiffness under cyclic loading was found to be highly dependent on cyclic load 

amplitude. Given certain levels of cyclic load amplitude and numbers o f load cycles, soil 

stiffness was found to increase rapidly. However, at higher load amplitudes, no change was 

observed even during the first few cycles (Verdure et al., 2003).
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Table 3.2 Suggested values o f different influential parameters (F^, Fi.Fi)

Method of Long and 

Vanneste (1994)
Method of Lin and Liao 

(1999)

Ef
fe

ct 
of 

so
il 

de
ns

ity
 

(F
p)

Loose 1.10 1.30

Medium dense 1.00 1.12

Dense 0.80 1.00

Pre-cycled 1.00 ----------

Ef
fe

ct 
of 

pil
e 

in
st

al
la

tio
n 

m
eth

od
 

(F
[)

Driven 1.00 1.00

Drilled 1.30 1.23

Backfilled 1.40 1.80

Sonic vibrated ----------- 0.80

Vibrated 0.90 0.30

Backfilled and 
compacted

1.00 1.00

Ef
fe

ct 
of 

cy
cli

c 
loa

d 
rat

io 
{F

i)

Hmin  _  „  _ 1.00 0.43-  U.b
^ m a x

Hmin _  „ ---------- 0.34
^ m a x

^m in _  ^ 1.00 1.00u
^ m a x

Umin  _  „ 0.40 0.12
^ m a x

^m in  _  ^ 0.20 0.09u  ~  
‘ ‘max

3 .32 .4  High cycle accumulation model (Niemunis et al., 2005, Wichtmann el al., 

2010)

The high cycle accumulation model is based on experimental data obtained from a large

cluster o f experimental work comprised o f index property tests, cyclic triaxial, resonant

column, and simple shear tests performed on sand specimens having a wide range o f initial

relative density under drained conditions (Niemunis et a l, 2005). Although the method was

initially developed without consideration o f soil-pile interaction, its potential application in

modelling a soil-pile system under low-amplitude stress cycles has been demonstrated in

Wichtmann et al. (2010) by finite element calculations using the software ABAQUS. This
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method explicitly considers the effects o f  soil density, mean effective confining pressure, 

cyclic stress amplitude, simultaneous oscillation o f  stress from different directions and 

number o f load cycles:

= f a m p l f N  f e f p f y f n .............................................................................................................. (3-58)

where is the derivative o f the intensity o f strain accumulation with respect to the number 

o f  load cycles N; fampi the strain-amplitude function; fj^ is the load cycle number 

function; /g is the soil density function; fpg is the mean effective confining pressure fiinction; 

fy  is the average stress ratio (i.e., average deviatoric stress/average mean confining pressure 

during a load cycle) function; and ^  is the polarisation (load-cyclic shape) fiinction.

Further details on the determination o f these functions and commonly adopted values are 

reported in Wichtmann et al. (2009) and Wichtmann et al. (2010). Application o f the high 

cycle accumulation model for typical fine sand o f the North Sea indicated (Wichtmann et al., 

2010) that greater permanent (plastic) lateral deflection o f the monopile occurred for:

•  Decreasing relative density with the average value o f  the applied moment 

(y^^avfi) amplitude (M^'”^*) held constant.

•  Increasing with relative density and M°-^^ held constant.

• Increasing with relative density and held constant.

These outcomes are qualitatively conceivable and broadly consistent with the reported 

behaviour observed in laboratory studies on model monopiles (LeBlanc et a l, 2010; Peng et 

al, 2011). However, further model studies, as well as in-situ testing, are necessary to confirm 

these findings. Potentially significant shortcomings in the high cycle accumulation model 

include: (1) the mulfiplicative approach for considering the influences o f  different functions 

in Equation (3.58), which may lead to significant error arising in the final value, even though 

errors in individual ftinctions may be small; (2) no measure o f loading frequency is included 

in the formulation. Loading frequency is an important factor in connection with the natural 

vibration frequency o f  OW T structures (see Section 2.5) and rate o f strain accumulation.
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3.3.2.S Model of Achmus et al. (2009)

The method by Achmus et al. (2009) is based on the concept of the soil stiffness degradation 

approach as suggested by different researchers (Little and Briaud 1988; Long and Vanneste 

1994), with emphasis on the degradation of the secant modulus o f soil reaction or secant 

stiffness of the soil {Es) in accordance with formulations proposed by Huurman (1996) and 

Werkmeister (2003). According to this method, the plastic strain increase can be related to the 

decrease in the value o f Es.

Results of drained cyclic triaxial tests were used for developing a numerical model for the 

prediction of the long-term behaviour of the piles under repeated lateral loads. Accumulation 

of plastic strain in drained triaxial conditions corresponds to the decrease in the soil secant 

modulus. In cyclic triaxial tests (for which elastic strains are negligible), the plastic axial 

strains occurring after the first and cycles (en=i and ^n=n) can be deteiTnined from the

degradation rate of the secant modulus (see Figure 3.18) measured after the first and V* 

cycles (£'5a/=i respectively, using the following equation:

2̂ 59^
£w=w £'sw=i

The characteristics of permanent strains obtained from the results of drained cyclic triaxial 

tests on medium and dense sand were compared with the permanent strain predicted using a 

in a 3-D finite element m.odel of a laterally loaded pile. The numerical results were found to 

be in good agreement with experimental data obtained from laterally loaded model 

monopiles in the sand. This method proposes that the accumulated strain £„ at ground surface 

level after load cycles can be estimated by:

.(3.60)

where bi and are model parameters and Xc is the characteristic cyclic stress-ratio defined 

as:

(cyclic s tress  ratio  a t loading) — {cylic s tr e s s  ratio  a t unloading)
X r  =  -------------------------------------------------------------------------------------------------------------------------------------------------------------

1 — (cylic s tress  ra tio  a t un loading)  

with reported values of Xc ranging from zero to unity (Achmus et al., 2009).
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Figure 3.18 Degradation o f secant modulus of soil under cyclic loading

At the initial (and unloading) phase, only the vertical load due to the tower (OWT structure) 

self weight is considered, with the lateral load subsequently applied in the loading phase. The 

characteristic cyclic stress ratio is derived from the difference between the values of stress 

ratio for the loading and unloading phases. Parametric studies to identify the effects of 

geometric configurations, subsoil properties and loading conditions on monopile behaviour 

were carried out by Achmus el al. (2009). On the basis of the results they suggested that the 

displacement accumulation rate is closely dependent upon the loading level. Furthermore, the 

pile performance under the action o f a repeated lateral load was very much reliant on the 

embedment length, but the effects o f pile diameter were not that significant. These findings 

imply that pile performance under the action o f the repeated lateral load can be improved by 

increasing the pile length, rather than pile diameter.

3.3.2.6 Model of Leblanc et al. (2010)

The method of Leblanc et al, (2010) is based on lateral load tests performed on rigid model 

piles (slenderness ratio o f 4.5) installed in unsaturated, very loose and medium dense

84



Chapter 3 Design and Analysis o f Monopile Foundations for OWT Structures

Leighton Buzzard sand, which involved between 8000 and 60000 load cycles. Desired values 

o f low relative density were obtained by pouring sand from a low drop height into a specially 

designed experimental container. A non-dimensional framework was developed to identify 

realistic values o f  pile dimensions and loading range for this laboratory study. Particular 

loading characteristics were found to cause significant increases in accumulated pile rotation. 

Furthermore, the soil-pile stiffness increased with the number o f  load cycles. This contrasts 

starkly with the current methodologies o f Long and Vanneste (1994); API (2010) and 

Achmus et a l, (2009), in which static load-displacem ent curves are degraded in order to 

account for repeated loading. Leblanc et al. (2010) proposed that the accumulated rotation 

(and hence lateral displacement) o f  a rigid pile after N  load cycles can be estimated by (see 

Figure 3.19);

On = 001 + A0(/V)........................................................................................................................(3.61)

where 'S the pile rotation achieved when the applied moment reaches its maximum value 

during the first load cycle and A 9 (N )  is given by:

A 0(/v )=  0 .r ,( („ f t ,)r ,(C j iV “ ..........................................................................................(3.62)

where 6^ is the pile rotation under a static load equivalent to the maximum cyclic load 

(Figure 3.19); T̂ , and T̂ . are the dimensionless functions; Rd  is the relative density index o f

the sand; is the measure o f magnitude o f cyclic moment normalised with respect to static

moment capacity, M r , and (c  quantifies the characteristics o f  the cyclic load, as:

( b = ^ ...................................................................................................................................... (3.63)
M r

Cc =  ^ ...................................................................................................................................... (3.64)
M n

where Mmm and Mmca are minimum and maximum moments developed in a load cycle.
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max

(a)

e
(b)

Figure 3.19 Variation in rotation 9 with fluctuation in moment M\ (a) cyclic test; (b) static

test.

It follows that 0 <^b< 1 and fiirthermore, equals unity for a static test, zero for one-way

loading and -1 .0  for two-way (balanced) loading. Values o f T̂ , and Tg. were determined from
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experimental data plots o f A 6 ( N ) /9 ^  against N. In the next step, these values were plotted 

against the ratios and (i-, as shown in Figure 3.20. Note that as = 0 for values o f - 1 .0 

and 1.0 (Figure 3.20), Equation 3.64 predicts that the accumulated rotation is zero for both 

static loading and two-way loading conditions, which is quite unrealistic in practice. 

Furthermore, this method cannot account for multidirectional loading, typical in the offshore 

wind-farm environment. Moreover, the proposed method has not been tested at full-scale.
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Considering that accumulated strain £„ at ground surface level is proportional to accumulated 

rotation for the rigid piles, then predictions by this method (with due consideration for the 

cyclic character of loading) are contrary to those for the flexible piles, according to the 

methods of Long and Vanneste (1994) and Lin and Liao (1999). For sand in loose and

also reported (LeBlance et a l, 2010) independent of relative density, although further 

research for higher levels of densification, other loading frequencies and degree of saturation 

are necessary in order to confirm this preliminary experimental finding.

3.3.2.V Model o f Bienen et al. (2012)

The method created by Bienen et al. (2012) is based on experimental data from miniature 

monopiles installed in dry medium-dense sand and tested at Ig and 200g in a centrifuge 

apparatus. The test piles represented a prototj'pe pile diameter (D) of 2.4 m, with penetration 

lengths (L) o f 9.6 and 30 m; i.e., 4 x D (rigid pile for 200g testing) and 12.5 x D (flexible pile 

for Ig testing) respectively. Cyclic lateral loading of a different magnitude was applied using 

a sinusoidal waveform at a model frequency of 0.25 Hz. A direct comparison o f test results 

between those performed at Ig and 200g has not been presented by Bienen et al. (2012), 

perhaps due to different L/D ratios used during the testing programme. The accumulated 

lateral deflection y  at pilehead level (assumed to be flush with the surrounding ground 

surface) after load cycles can be estimated by:

where H  is the horizontal load applied to the pile head; Qc is the rate o f change o f cone-tip 

resistance with depth determined using miniature cone-penetrometer tests; 4̂;̂  a l  are 

dimensionless soil stiffness parameters which are dependent on soil properties and pile 

dimensions (Dyson and Randolph 2001; Diihrkop 2009), with reported values for rigid 

monopiles of L4 and 0.0072 respectively (Bienen et a l, 2012); and /̂ v is a factor to modify 

the monotonic response (deflection) into a cyclic response, which can be approximated by:

medium dense states, an increase in soil stiffness due to cyclic loading of the rigid pile was

(3.65)

(3.66)
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where parameters and determined from a plot o f ( ( y / 0 ) n / ( y / ^ ) i )  against the

number o f load cycles N.

This method, based on approximately 10000 cycles o f  one-way loading applied for a single 

frequency, was found to provide reasonable predictions for accumulated strain under cyclic 

loading, although the soil response in terms o f its stiffness under cyclic loading was 

obscured. Soil stiffness was found to increase up to certain levels o f accumulated strain, but 

then began to decrease with further load cycles. Therefore, these findings must be verified for 

greater numbers o f load cycles occurring in multiple directions, and also for other frequency 

ranges, degrees o f  saturation and densification.

3.3.2.S Model of Klinkvort and Hededal (2013)

Recently, Klinkvort and Hededal (2013) applied the model proposed by Leblanc et al. (2010) 

on test results obtained through centrifuge apparatus. The tests were performed at ng on rigid 

model piles (slenderness ratio o f 6) installed in saturated and dr}', dense sand, and the 

following model was proposed for the estimation o f the pile’s lateral deflection (£„) under 

repeated lateral loads;

where is the ultimate lateral load carrying capacity o f the pile; Pmax’s the maximum lateral

load applied to the pilehead during repeated lateral loads; and is the minimum lateral

load applied to the pilehead during repeatd lateral loads.

The model proposed by Klinkvort and Hededal (2013) incorporate a maximum o f 500 load

cycles performed at the same frequency and soil density.

(3.67)

where and have been defined by Equation (3.68) and (3.69) respectively.

mm
max

^m ax (3.68)

(3.69)
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3.4 Design procedure for offshore wind-turbine foundation systems

Usually an iterative procedure is adopted for the design o f  any foundation system for OWTs 

and the basic requirement o f the design procedure is to avoid the occurrence o f resonance in 

the dynamic behaviour o f the structural system under in-service loading (Jaimes, 2010). 

Figure 3.21 (De Vries, 2007) shows the basic steps involved in the design o f OWTs with 

monopiles as the foundation systems. The data required in the design process include 

environmental data, turbine data and the stratigraphy o f the site (soil profile). Environmental 

data are used to determine different design levels (defined later on) and to select the 

initial/trial dimensions/geometry o f the foundation system (i.e. monopile), and thus lead to 

the determination o f the natural frequency o f the whole structural system. Design standards 

typically cite a return period o f 50 years in reference to extreme wind and wave loading, 

although ABS (2012) uses a 100 year return period. These return periods are intended to 

designate the design lifetime o f the structure; the lEC 61400-3 uses a 50 year return period, 

but states a design lifetime of 20 years for OW T structures (lEC 61400-3, 2009). Checks on 

the resonance frequency, along with predictions o f the anticipated rotation, deflection and 

settlement responses o f the proposed foundation system under the applied loads/moments, 

are also calculated from the climate data. Fatigue and buckling checks are applied at 

advanced levels o f the design process, usually using some computer software, and are beyond 

the scope o f  this thesis. However, a design example to detennine the design levels (platfonn 

level and hub height level) and penetration depth for a monopile foundation supporting a 

typical 5 MW offshore wind turbine is presented in the following secion.

Environmental 
data /

Turbine
data

OK?

Determine allowed 
natural frequency

Determine extreme 
loads

Determine design 
levels

Determine 
penetration depth

Perform buckling 
and fatigue checks

Determine 
preliminary 
geometry (D,t)

Figure 3.21 Flowchart for the design o f  a support structure and monopile for an OW T
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3.4.1 Determining of turbine platform and hub elevations

Referring to Figure 3.21, the first step in the design process requires the determination o f the 

turbine platform and hub elevations, usually with reference to the lowest astronomical tide 

(LAT), which is defined as the lowest tide level to occur under average meteorological 

conditions and under any combination of astronomical conditions. LAT is below the mean sea 

level (MSL), while the highest astronomical fide (HAT) is above the MSL but below the storm 

surge. The platform level is located at the top of the transition piece and determines the 

location of the flange connection between the transition piece and turbine tower. The location 

of the centre of gravity of the nacelle mass and applied wind loads are strongly dependent on 

hub height. Representative values for key parameters o f the typical 5 MW wind turbine 

(Jonkman et al,  2009) considered in the design example are given in Table 3.3. 

Environmental data characteristics of an offshore wind farm located in the North Sea are 

given in Table 3.4. At this locafion, tidal range (AZfi^g) o f 1.6 m and storm surge 

of 2 m may be adopted (Jonkman et a/.,2009; Fischer, 2013).

Table 3.3 Key parameters for a 5 MW wind-turbine

Turbine mass 350 tonnes

Rotor diameter 126 m

Nominal rotor speed 10.1 rev/min

Rotational rotor speed interval 6.9-12.1 rev/min

Cut-in wind speed 4 m/s

Nominal wind speed 11 m/s

Cut-out wind speed 25 m/s

Table 3.4. Extreme wind velocity (F,,,), current velocity {Uc), significant wave height (Hs) 
and maximum wave height (Hmax) as a flinction of return period in reference to an offshore 

_________________ wind farm site (Jonkman et al,  2009)._________________
Tretum  ( y ^ ^ r ) F„, (m/s) Uc (m/s) Hs{m) Hmay (m)

1 33.85 0.70 7.72 14.35

5 37.99 0.80 9.03 16.80

10 39.78 0.84 9.60 17.85

50 43.92 0.94 10.91 20.29
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The required platform level (Zpiatform) given by:

Z p la t fo rm ~ ~  ^ ^ s u r g e  ^ ^ a i r  ^ ................................................................... (3.70)

where AZai,- is the air gap of typically 1.5 m between platform level and the highest wave 

crest eleveation (if) (see Figurre 3.22).

For an assumed wave height coefficient value of 0.65, the value of ̂  is given in DNV (2011):

^ =  0 . 6 5  * (50- y e a r )  ~ ^  (20.29 < 0.78 X 37 (assumed v^ater depth) =>

OK)..................................................................................................................................................(3.71)

and hence the value of Zpiatform determined as LA T+19m  (rounded up to the nearest 

whole integer). The required hub height (Z^uti) o f LAT+87 m above the seabed level is 

determined from:

Zhub =  Z p i a t f o r m  + 0.5(Dia o f  rotor)  +  5 ..........................................................................(3.72)

Assuming a typical LAT value for the North Sea environment of 35 m gives Z/i^b = 122 m 

from the seabed level.

plateform
\ 7  level \

I AZ

p

HAT y t  AZ

MSL SJ

LAT V
1 AZ

■‘surge

•‘tide

Figure 3.22 Different sea surface levels in relation to plateform level
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3.4.2 Determining the required natural frequency and preliminary dimensions of 

the tower

Depending upon the rotational speed interval o f the rotor, the IP region ranges 0.12-0.21 Hz 

and the 3P region ranges 0.36-0.63 Hz (Jonkman et al. 2009). For this particular design 

example, the target value o f  the natural frequency (Equation 2.23) was set as 0.25 Hz; i.e. 

within the ‘wanted frequency’ range o f 0.21-0.36 Hz. By taking into account the hub height, 

wind turbine mass and target natural frequency, the outer diameter and wall thickness at the 

top o f  the steel tower are estimated as 3.9 m and 40 mm respectively, while the 

corresponding values at the bottom o f the tower are 6.6 m and 100 mm (see section 2.5 ). 

Note that these dimensions must meet the buckling checks and fatigue limits as well, 

otherwise they must be revised iteratively. The diameter o f the transition piece subsequently 

depends on the diameter o f the monopile following Equation (3.73):

Djp = D^p +  2(t jp +  t^rout)............................................................................................... (j.73)

where D-j-p is the diameter o f  the transition piece; D  is the diameter o f the monopile,which 

usually equals the diameter o f the tower at its bottom; t-j-p is the wall thickness o f  the 

transition piece; and tg^out 's the thickness o f the grout connection.

3.4.3 Calculation of the design loads

Design loads for the monopile foundation system are estimated using the preliminary 

geometry o f the tower, wind turbine parameters (Table 3.3) and environmental data (Table 

3.4). For this example a computer software package ‘RECAL’ was used for the estimation o f 

the shear force and bending moment at the seabed level, as documented by De Vries and 

Tempel (2007). Torsional moments are usually a small fraction (< 1%) o f  the bending 

moment (Lensy and Wiemann, 2005). Hence, provided checks on shear stresses and bending 

moments are satisfied, torsional moments are generally not critical and have not been 

specifically considered in design examples for OW T monopile foundation systems reported 

in the literature. RECAL can simulate both wind and wave time series as discussed in chapter 

2; from which it calculates the loads acting on the support structure, and finally computes the 

structure's dynamic behaviour. Results o f  design loads generated by RECAL, in terms o f 

bending moments and shear forces, are given in Table 3.5. The reported loads adequately 

take into account the safety factors for aerodynamic thrust on rotor and hydrodynamic
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loading, in addition to the different critical combinations o f wind and wave loading, as 

reported in several guidelines/standards (API 2010; DNV, 2011).

Table 3.5. Estimated design loads at seabed level for design example

Load type

Bending moment (M) 

(kN-m)

Shear force (H) 

(kN)

Aerodynamic 127575 1418

Hydrodynamic 298308 9272

Total 425883 10690

3.4.4 M onopile embedded length and foundation stability

According to current practice, monopiles are independently analysed for the axial load to 

determine their bearing capacity and settlement responses and for the lateral load to 

determine their flexural behaviour through cantilever action (Karthigeyan et al. 2007; 

Moayed et al. 2012; Rahim and Stevens 2013). However, compared with the axial loads, the 

lateral loads are considered governing, as mentioned in several design guidelines (e.g. API 

2010, DNV 2011, GL 2005) and documented by many researchers (Achmus 2010; Leblanc et 

al. 2010; M alhotra 2011; Peng et al. 2011; Bhattacharya et al. 2012; Kuo et al. 2012; Zhu et 

al. 2013; Haiderali et al. 2013; Lombardi et al. 2013; Nicolai and Ibsen 2014; Carswell et al. 

2015). For OWT monopile foundations, the required embedment length is dictated by the 

applied horizontal loads and moments. The pile must mobilize sufficient soil resistance over 

its embedded length to transfer all types o f  applied loads to the surrounding soil, with 

adequate safety factors, and prevent toe ‘kick’ displacement (Van der Tempel 2006)) and 

excessive deflection/rotation o f the pile itse lf The pile size and embedment required to 

satisfy lateral load requirements are generally greater compared with requirements to satisfy 

axial loading cases (Kopp 2010). Hence the design example focuses on the lateral stability o f 

the subject monopile.

The input data for the monopile design include soil strength and stiffness (e.g., relative

density, elastic/shear moduli, Poisson’s ratio) against depth profiles and pile properties (e.g.,

cross-sectional dimensions, material strength and stiffness) and the design loads (De Vries,

2007; Jaimes, 2010; Tong, 2010). The soil (medium dense sand) properties used in the design
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C h ap te r  3 D esign  and  A naly sis  o f  M o n o p ile  F o u n d atio n s for O W T  S tructu res

ex am p le  are given in A p p en d ix  C. It w as assum ed  th a t the  m o n o p ile  w as m ade o f  steel 

h av in g  yield  stress and  Y o u n g ’s m odu lus va lu es  o f  248  M P a  and 207  G P a respectively .

C h eck s  on p ile ’s deflec tion  an d /o r ro tation , are  app lied  at seabed  level and penetra tion  depth  

is op tim ised  accord ingly . P i le ’s lateral deflec tion  (Xo) and ro ta tion  ( B q )  occu rrin g  at seabed  

level u n d er the  design  loads (sh ear force ( H )  and  b en d in g  m o m en t (M ) are d e te rm ined  by 

co n sid e rin g  c losed-fo rm  so lu tions p roposed  by  R ando lph  (1981), B ro m s (1964) and M atlo ck  

and  R eese  (1960). T hese  m eth o d s are re la ted  to  m o n o to n ic /s ta tic  load ing  and  th ere  is no 

con sid era tio n  o f  n u m b er o f  load cycles. R a n d o lp h ’s m ethod  (1981) as illustrated  in F igure  

3 .23 , em ploys E q uations (3 .74) and (3 .75 ) to  ca lcu la te  Xo and  6 q ,  respective ly , w ith  

p aram eters  E p  (effective Y oung’s m o d u lu s o f  p ile) G c  (eq u iv a len t shear m o d u lu s o f  soil at 

Q.5Lc), Lc (active p ile  length), and (so il’s eq u iv a len t shear m o d u lu s p ro file  pa ram ete r) 

d efin ed  in F igure  3.23

G* G(1 +  0 .7 5 k ) 
Equivalent shear modulus

0.25

CL

D =2r

Figure 3.23 S um m ary  o f  R an d o lp h 's  m ethod
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In this method, the monopile dimensions are incorporated in terms o f its active length. Lc. 

and second moment o f  area, /; the latter an indirect involvement o f its cross-sectional area 

(i.e. inner and outer diameters o f  the monopile). W hen the active length exceeds the 

actual/proposed monopile embedment length (Z), the monopile translates as well as 

deflecting; hence the deflection obtained through Equation (3.74) must be modified 

according to Equation (3.76).

('Vcc)-'’

=  R,o, {°'27H (7)~‘ +  0 .3 M (^ r " ).......................................................................... (3.74)

So =  {0 .30H (^ )-"  +  0 .8 0 (R .)“5M (^ )-= }............................................................. (3.75)

Xo (adjusted va lue) ^-^XoCfrom Equation 3.74) ( ~ ) ....................................................................... (3.76)

Broms method (1964a) for calculating X o 's  illustrated in Figure 3.24.
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Figure 3.24 Charts for calculating lateral deflection at the ground surface level o f 

horizontally loaded piles in cohesionless soil (after Broms (1964a)).
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M atlock and R eese’s m ethod (1960) em ploys Equations (3.77) and (3.78) 

to  ca lcu la te  Xo 6 q, re spectively , o ccu rrin g  a t  th e  sea b e d  level.

w here and are sets o f  non-dim ensional coefficients (scalars) w hose values

1/5
are dependent on the depth along the em bedded length o f  the pile; Ty =  and

being the coefficient o f  subgrade reaction m odulus and its value depends upon relative 

density and location o f  the w ater table as shown in Figure 3.13 (Reese et al. 1974; Terzaghi

For the seabed (ground surface) level, the values o f  coefficients A^^, B^ ,̂ A q̂  and Bq  ̂ are 

2.43, 1.62, 1.62 and 1.75, respectively, decreasing in value with increasing depth along the 

pile em bedm ent length, reflecting the reduction in s^id 6q as we m ove down along the 

em bedded length o f  the pile. H owever for a rigid pile, this decreasing trend m ay not be 

applicable. A ccording to this m ethod (M atlock and Reese, 1960), beyond a certain value o f  

em bedm ent length, there will be no further reduction in the m onopile’s deflection or rotation. 

A lthough calculations are not included for the present design exam ple, the pile em bedm ent 

length should be sufficient to achieve tolerable values o f  Xo 6 q at the pile toe level. For 

the calculation o f  Xo ^ id  9q values at seabed level, a param etric study w as perform ed, 

varying the pile em bedm ent length, outer diam eter and inner diam eter in the ranges 2 0 -4 0  m, 

5 .5 -7 .0  m and 5 .4-6 .5  m, respectively. A sum m ary o f  the results o f  this study is presented in 

Figures 3 .25 -3 .27  and conversed as:

•  The m onopile deflection/rotation values predicted by the three m ethods for the static 

condition o f  design loads grossly diflFered from one another; e.g. for the applied 

loading, range o f  m onopile em bedm ent lengths and inner/outer diam eters considered 

in the design exam ple, the predicted values o f  Xo ranged 7 0 -270 , 25-115  and 2 5 -9 0  

mm for R andolph’s (1981), B rom ’s (1964a) and M atlock and Reese (1960) m ethods

(3.77)

(3.78)

1955).
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respectively. This noticeable difference is perhaps due to the involvement o f marked 

empiricism in the methods used to evaluate the lateral stability o f  the different 

monopile set-ups and the limited experimental data base.

For Randolph's (1981) method, Xo was found to be sensitive to the monopile’s 

embedment length and its inner and outer diameters (incorporated in calculations o f 

the cross-sectional area and second moment o f area, 7) (Figure 3.25a), whereas 6q was 

found to be sensitive to the pile cross-sectional area only (Figure 3.25b).

300
Pile inner/outer diameters (m/m) 
^ 5 . 4 / 5 . 5  ^  6.276.5

^ 5.8/6.0 ^ 6.5/7.0

-  100

0
20 25 30 35 40

Embedded length (m)

(a)

0.?

5̂ 0.6
u

T3

m □ □
gO.4 4-
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o o
A A

0 o o
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Pile inner/outer diameters (m/m)

-B -5 .4 /5 .5  - ^ 6 2 / 6 . 5
— B ------------ B -

- ^ 5 .8 /6 .0 - ^ 6 .5 /7 .0
f ]

-O- -O-
-7 ^
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Embedded length (m)
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Figure 3.25 Summary o f  the results for Randolph's (1981) method: (a) Effect o f pile 

embedment length and diameter on its lateral deflection, (b) Effect o f pile 

embedment length and diameter on its rotation.
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For Brom's (1964a) method, Xo was found to be dependent on the embedment length 

and inner and outer diameters o f the monopile (cross-sectional area). A minor change 

in Xo was observed when the pile embedment length was increased beyond 26 m, 

irrespective o f  the pile’s cross-sectional area (Figure 3.26).

140

Pile inner/outer diameters

^ 5 .5 / 5 .4  - e - 6/5.8

-A-6.5/6.2 ^ 7 / 6 . 5
120

100

20 25 30 35 40
Embedded length (m)

Figure 3.26 Summarj' o f  the results for Brom's (1964a) method.

• For Matlock and Reese's (1960) method, Xo and 9q were both found to be dependent 

on the inner and outer diameters o f the monopile (cross-sectional area), although, this 

impact tended to reduce substantially when the inner and outer diameters o f the 

monopile increased beyond 5.8 and 6.0 m respectively (Figure 3.27).
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Figure 3.27. Summary o f the results for Matlock and Reese's (1960) method.
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For the case of a pile in cohesionless soil under a repeated lateral load, Kagawa and Kraft 

(1980) showed that more than 70% of the pile displacement was concentrated in the soil 

mass within a one-pile diameter distance. The lateral strain, £, o f the laterally loaded pile was 

approximated as (Kagawa and Kraft, 1980):

.(3.79)

where y  is the pile’s deflection and D is the pile’s outer diameter.

The pile’s stability under long-term repeated loading conditions (accumulated lateral strain) 

was also assessed using different models, including Little and Briaud (1988), Long and 

Vanneste (1994), Lin and Liao (1999), and Klinlcvort and Hededal (2013). These methods 

have been discussed in detail in Section 3.3. Since an objective of this particular part o f this 

study is to assess how closely these methods agree or disagree with one another under long

term repeated lateral load conditions, it was assumed that in all cases the pile was driven into 

the medium dense sand, and loading cycles were one-way in character. Furthermore, it was 

also assumed that lateral strain after first load cycle is equal to unity. From Figure 3.28 it can 

be concluded that large differences occur between the deflections predicted by the different
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methods investigated, perhaps by many orders o f  magnitude. The reason o f this difference, 

include the empirically selected coefficients/non-dimensional parameters involved in the 

models used to predict the monopile’s lateral deflection under long-temi cyclic loading.

_ c
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-z5r-Klinkvort and Hededal (2013)
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Figure 3.28 Accumulated lateral deflection o f the monopile at seabed level under long-term

cyclic loading

Note: Using such models, the accumulated lateral deflection o f the pile after ‘N ’ number o f 

load cycles can be estimated using Equation 3.79, if  the lateral deflection (or strain) after 

first load cycle is known as demonstrated by Lin and Liao (1999).

3.4.5 Monopile axial load-carrying capacity

The monopile’s ultimate axial load-carrying capacity (under static loading) (Qd) can be 

determined using the API (2010) method, expressed by Equation (3.80), and referred to by 

many researchers; e.g. De Vries (2007); Haiderali et al. (2013); Bisoi and Haidar (2014); to 

name a few.

Q^ = Q f + e p - f 4 s u r  + qA^ .............................................................................................................(3.80)
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where Qf is the shaft-friction capacity, Qp is the end-bearing capacity, f,_isk is the unit skin 

friction, Asur is the shaft surface area, q is the unit end-bearing capacity and Ap is the base 

area o f  the plugged monopile.

For m onopiles o f  4 m diameter and greater, the pile plug resistance is usually not taken into 

account due to the large pile diameter (Van der Tempel 2006). It has been shown that 

degradation o f the shaft-friction capacity due to cyclic axial loading leads to accumulating 

displacements and a severe reduction in the axial load-carrying capacity (Gavin and O ’Kelly 

2007), although consideration o f the degradation o f  shaft friction due to cyclic axial loading 

in the design process is still an open question. Numerous design charts make it possible to 

distinguish between stable and unstable loading levels to ensure a design solution on the safe 

side. Further, no reduction in axial load-carrying capacity is to be expected if  a certain 

magnitude o f the cyclic load amplitude is not exceeded (see Poulos (1988), Kempfert (2009) 

and Abdel-Rahman and Achmus (2011) for ftirther details).

3.5 Open issues for the large-diameter offshore monopiles under long-term repeated 

lateral loads

In the existing literature, there are many unclear issues in relation to soil-pile interaction for 

the large-diameter offshore monopile, particularly under long-term repeated lateral loads; and 

in actuality these issues have provided the motivation for this research thesis. These unclear 

issues can be categorised and reported as follows:

(a) Substantial differences o f  opinion exist throughout the literature on the rate o f 

cyclic strain accumulation; e.g., power function and logarithm ic-trend 

relationships have been proposed by Little and Briaud (1988) and Lin and Liao 

(1999) respectively. W hile the guidelines o f API (2010) and DNV (2011) are 

widely used, they are based on p - y  curve generating methods that do not consider 

the strain accumulation with the number o f repeated loads, but only suggest an 

additional constant empirical factor to consider the impact o f repeated loads on 

the monopiles.
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(b) The effect of varying load directions on monopile behaviour also represents an 

open question that requires further investigation. For instance, Little and Briaud 

(1988), Lin and Liao (1999), Long and Vanneste (1994), Peng et al. (2006), and 

more recently Klinkvort and Hededal (2013) have suggested that one-way 

repeated loading is more critical for the lateral stability o f the monopile. 

However, experimental observations reported from Ig  (normal gravity 

conditions) testing of model piles by LeBlanc (2009) and LeBlanc et al. (2010), 

and testing of model suction caisson foundations in sand (Zhu et a l, 2013), 

proposes that the unbalanced two-way loading should be more precarious.

(c) In the existing literature, the effect of loading frequency on accumulated pile 

rotation (deflection) for piles installed in dry sand is also not clear. Peng et al. 

(2011) reported that up to a certain limit of loading frequency and for a given 

load amplitude, pile deflection (lateral response) increased with increasing 

loading frequency. LeBlanc (2009) and LeBlanc et al. (2010) have not considered 

the influence o f loading frequency on accumulated pile rotation. Other 

researchers (Giannakos et a l, 2012; Kagawa, 1986) have reported that al higher 

loading frequency, the surrounding soil becomes stiffer and hence lower 

deformations are expected under long-term repeated lateral loads. O f course, in 

the presence of water, the sand permeability and drainage conditions will 

determine the influence of the loading frequency on the cyclic behaviour, which 

is mainly related to the possible accumulation of pore water pressure with every 

cycle.

(d) Opposite opinions regarding the change in stifftiess of the monopile foundation 

system under repeated lateral loads are also matters of concern in the existing 

literature. For sandy soil, the API (2010) and DNV (2011) models always predict 

degradation of the absolute secant stiffness under repeated lateral loading, 

irrespective o f the density state or number o f load cycles. Achmus et a l, (2009) 

reported degradation of the absolute secant stiffness for medium dense and dense 

sands with increasing numbers of load cycles. However, model studies on 

monopiles in loose (Bhattacharya et a l, 2011; LeBlanc et al., 2010) and dense
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(Cuellar et a l, 2012, Rosquoet et a l, 2007) sands suggested that the foundation 

stiffness (cyclic) increases with the number of load cycles. LeBlanc (2009), 

Bhattacharya and Adhikari (2011) and Cuellar et al. (2012) suggested that 

stiffness increase occurs as a result of densification of the soil next to the pile.

Overall, the literature does not show a standard method or dominant approach that can be 

universally applied for the design, analysis and construction o f large-diameter monopiles 

subjected to many millions o f low-amplitude load cycles, as occur in the case of monopile 

foundations for OWT structures.

3.6 Summary of the chapter

(a) Sources, types and methods for determining the magnitude o f environmental 

loading (and resulting moments) exerted on offshore monopile foundations, 

including for long-term and extreme conditions, are well documented in the 

literature. However, the behaviour of the soil-pile system in response to these 

repeated loading scenarios is not clear. Moreover, the analysis/design of large- 

diameter (rigid) monopile foundations for current and proposed offshore wind 

turbine (OWT) structures is well outside the scope of current experience and 

analysis/design methods.

(b) The behaviour of large-diameter monopiles in general, and under long-term low- 

amplitude cyclic lateral loading, is not well documented. Existing methods for 

estimating the accumulated lateral strain (rotation) response o f monopiles are 

based on very limited field/experimental laboratory data and are currently not 

capable o f explicitly accounting for site-specific soil properties and loading 

characteristics. There is also no consensus among researchers regarding the 

severity o f strain accumulation due to one-way or two-way loading scenarios, the 

effects o f varying load direction and frequency, or of changes in stiffness of the 

bearing soil under long-tenn stress application.

(c) Unfortunately, no predictive method has been established yet that reliably takes 

into account the large numbers o f cyclic lateral loading acting on a large-diameter
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monopile, though the experimental database has significantly expanded over 

recent years. Results from physical modelling suggest either a logarithmic trend 

(Hettler 1981; Lin and Liao 1999; Rosquoti et al, 2007) or an exponential trend 

(Little and Briaud 1988; Long and Vanneste 1994; LeBlanc et al,  2010) for the 

increase of accumulated deflection/rotation of the monopile.

(d) Perhaps the current most widely applied methods are API (2010) and DNV 

(2011). However, these are based on small diameter, flexible pile test results with 

less than 200 load cycles. These methods are principally concerned with the 

potential reduction in the lateral capacity o f a pile under cyclic loading, rather 

than the accumulation o f deflections. The methods developed by Long and 

Vanneste (1994), as well as Lin and Liao (1999), on the other hand, account for a 

number of factors, including soil density and pile installation method. However, 

their applicability to large-diameter monopiles under long-term cyclic loading is 

uncertain.

(e) Instrumented field tests on full-scale rigid monopiles, combined with a more 

extensive programme of testing on model-scale piles installed in varying soil 

conditions which consider the changing characteristics of loading (amplitude, 

frequency and direction) under high numbers of load cycles (N ~ 10^), are 

warranted and would provide valuable information for the validation of current 

and improved design methods/theories for offshore monopiles, along with the 

calibration of pertinent numerical models. Such studies would also be helpfiji in 

generating a computer code for numerical simulations o f more realistic 

environmental conditions, particularly loading characteristics and soil conditions.
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4 Development of a Rig to Study Model Pile Behaviour under 

Repeated Lateral Loads at \g  Conditions

4.1 Introduction

On-site full scale pile tests are expensive and time consuming while laboratory testing on 

reduced scale piles is an efficient and economical way to understand soil-pile behaviour 

particularly in the absence o f centrifuge apparatus. This chapter presents the development o f 

a new load-controlled electromechanical loading system (loading rig) for the application o f 

many thousands o f repeating cycles o f lateral load in different forms to a Ig  model o f 

monopile. Section 4.2 reveals the standing o f physical model testing in geotechnics. In 

Section 4.3, different scaling laws, their derivation and associated issues for model testing at 

\g  are discussed. A brief discussion on the existing loading system for the study o f soil-pile 

behaviour under lateral loading is provided in Section 4.4. Section 4.5 presents details on the 

development and fabrication o f a novel loading rig. Its working mechanisms, along with its 

capabilities, are discussed in detail. Finally, Section 4.6 provides a summary o f this chapter.

4.2 Physical model testing in geotechnics

Soil-structure interaction is a very complex phenomenon due to the heterogeneous nature 

and non-linear behaviour o f soils, and perhaps can be best investigated by conducting full 

similar scale tests under field conditions. However, in most cases, especially where the tested 

structure is very large, it is more problematic to conduct field tests due to the high cost o f 

logistics, and also the potential danger to human life (e.g. simulation o f a slope failure at dam 

sites). In the context o f offshore structures, such as foundation systems for offshore wind 

turbines (OWTs), field trials are not only time consuming, but also financially impracticable 

due to the involvement o f  complicated offshore operations. The above issues can be 

accommodated by conducting small-scale model tests in the laboratory. These are not only 

considerably more economical but also more flexible, and allow for easier testing under
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controlled conditions. Such testing allows for thorough investigations of the response of the 

structure and the surrounding soil. Small-scale model tests at \g  can reveal the general trend 

of the response of a structure under specific or controlled test conditions. In other words, they 

are useful for providing information on generic behaviour that can be expected in the 

prototype structure. These tests are easily reproducible, which means that they are 

particularly suitable for parametric studies. These factors, when incorporated with other field 

data and numerical investigations, can be used to establish a design framework. The aim of 

the small-scale model testing presented in this thesis was the qualitative understanding o f the 

long-term behaviour of dry sand around a monopile subjected to repeated lateral load cycles, 

rather than a quantification of the complex phenomena associated with the soil-pile 

interaction at micro-mechanical level. Therefore, for the sake o f simplicity and repeatability, 

the mode! tests presented in this study were performed at ]g conditions and at a geometrical 

scale of approximately 1:100 relative to the prototype offshore monopile.

Model pile tests at Ig conditions involving static lateral loading have been perfoiTned to 

determine the ultimate lateral capacity (e.g. Broms, 1964a,b; Reese et a l  (1974) and 

Ramakrishna and Rao (1999)) and investigate the influence of the piles' cross-section and 

rigidity on lateral load-carrying capacity (Mahmoud and Burley, 1994; Rao et al, 1998; 

Raongjant and Meng, 2011). Some of these studies have focused on investigating the 

behaviour of tapered piles (Duhrkop et al, 2010; El Nagger and Wei, 1999), finned piles 

(Peng et al, 2011; Nasr, 2014) and (or) piles subjected to many thousands o f load cycles in 

the lateral direction (LeBlanc, 2009; Duhrkop et al, 2010; LeBlanc et al, 2010; Peng et al, 

2011; Cuellar et al, 2012).

On the other hand, although centrifuge testing can incorporate the geometric scaling issues of 

the structure under consideration and the stress level behaviour of the soil, but the stringent 

requirements needed to get reliable data through robust instrumentation cannot be 

accommodated in the centrifuge testing facility. For instance, it is hard to apply thousands of 

load cycles of certain wave-shapes in a centrifuge facility for the study of a monopile under 

lateral loading. In general, centrifuge tests are very expensive and require long preparation 

times, due in part to the complex equipment (including the centrifuge itself) and the
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necessary instrumentation. In addition, in such tests the radial forces observed throughout the 

model are not the same. Taylor (1995) provides fiirther details of the various limitations 

associated with the certifuge testing in the field of geotechnical engineering.

4.3 Scaling laws and modelling issues for testing at 1^ conditions

A noteworthy task of small scale model testing is determining how to generalise the results 

for prototype cases. The differences in a number of aspects, such as the soil stress and the 

relative soi 1-structure size, can create dissimilarities in soil-structure interaction and 

response, and so often invalidate simple extrapolation o f the small-scale data to large-scale 

cases.

Scaled models can be useful if they preserve geometric, kinematic or dynamic similarity to 

the prototype (Langhaar, 1951). Geometric similarity relates to a model and prototype with 

homologous physical dimensions. Kinematic similaritj' refers to a model and prototype with 

homologous parts at homologous points and at homologous times. Dynamic similarity 

describes a condition where homologous parts of the model and prototype experience 

homologous net forces.

Broadly, there are two ways to correlate the model test results with the prototype, as shown 

in Figure 4.1. The first way is very straightforward, using appropriate geometric scale factors 

(/•i) to predict the prototype response. These factors are usually derived from the ratio 

between characteristic dimensions o f the prototype and model. For instance, in the case of a 

monopile, its external diameter or embedded length can be taken as its characteristic 

dimension (Cuellar et a l, 2012). The alternative is to study the underlying mechanics/physics 

of the problem based on the model tests, knowing that not all the interaction mechanisms can 

be scaled precisely in a particular test. Once the mechanics/physics o f the problem are 

identified in terms o f pertinent dimensionless ratios, the prototype response can be predicted 

through analytical and/or numerical modelling, in which the physics/mechanics discovered 

are implemented in a suitable problem-specific scaling relationships (Lombardi et al., 2013).
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A refmed type o f dimensional analysis can be achieved through the application o f the 

Buckingham Pi Theorem (Buckingham, 1914; 1915). This theorem states that if  an equation 

involving j  variables is dimensionally homogeneous, it can be reduced to a relationship 

among j - r  independent dimensionless products, where r is the minimum number o f  basic 

reference dimensions required to describe the variables, or in other words any dimensionally 

homogeneous equation involving certain physical quantities can be reduced to an equivalent 

equation involving a complete set o f dimensionless products.

Understanding the
mechanics/
physics

Carry out 
numerical or 
analytical study

Experiments Prediction of 
prototype

Scaling 
laws/relations 
(standard tables)

Figure 4.1 Ways to correlate the model test results with a prototype (after, Lombardi et al.

(2013))

LeBlanc et al. (2010) have identified the set o f non-dimensional parameters (NDPs) to relate 

the results for the model monopile to the prototype, and vice versa. These NDPs consider the 

pile’s geometry, material properties, applied loading and its lateral displacement (rotation) 

response, as given in Table 4.1, with due consideration o f  the pile tip displacement under 

repeating lateral loads.

Table 4.1 Non dimensional parameters for scaling laws (LeBlanc et al, 2010)

Moment loading
t A -  w

L ^D y '

Horizontal loading L^Dy '

Rotation Aji-y

Moment arm (i.e. vertical distance between „ M
initial level o f sand bed surface and point o f e = —

H L

horizontal load application)
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Note: D  is the outer diameter o f  the monopile; H  is the applied horizontal load at the 

pilehead; L  is the m onopile’s embedded length; M  is the bending moment applied at the 

pilehead; Pa is the atmospheric pressure; y '  is the dry unit weight o f the soil.

Some other examples o f the derivation o f  scaling laws/NDP for general dynamic problems 

have been reported by Lai (1989), Dong et al. (2001), M uir Wood et al. (2002) and 

Bhattacharya et al. (2011). These, however, have demonstrated that the satisfaction o f such 

scaling conditions for similarity in geomaterials is a very complex excercise, particularly 

when various sources o f dynamic loading are under investigation in addition to the 

multifarious issues o f  soil-structure interaction and fluid flow around the foundations. The 

scaling rules for certain physical quantities, more frequently used in geotechnical 

investigation performed at \g  conditions, are summarized in Table 4.2 (Poschel et al. 2001; 

Walz, 2006) which have been basically drived on the bases o f geometrical similarities 

between the model and the prototype. For instance, as mentioned before, the conditions for 

the present experiments were chosen to be at a geometrical scale o f 1:100 and under normal 

gravity (Ig) conditions, which m ay be expressed as:

where Lp, gp denote length and gravitational acceleration at the prototype scale, respectively 

and L ^ , are the corresponding quantities at model scale.

The Equation 4.2 implies that if  the same soil with the same volumetric mass density is being 

used for both the prototype and scaled systems, then their unit weights are also directly 

related through e equal to 1 (i.e. = Yp)- In the frame o f  Ig  model tests with sands, it is

often convenient to employ the following dimensionless force as demonstrated by many 

researchers including W inter and Hettler (1983); W alz (2006) and Diihrkop (2010).

- ^ =  100 =

(4.1)

,(4.2)
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-  —  = >  =  — L = >  F =  = >  F  =  _ ^ = >  -  _ i E _
y p ip  rm i-m  f l p y i s . ' ) "  ^  (e )(A s)3  ^  1 (1 0 0 )3  ^  (1 00 )^

Table 4.2 Scaling relations for certain physical quantities related to geotechnical 

investigation perform ed at Ig  conditions

Physical quantities Scaling laws Dim ensions

Length, L L[m]

Force, F F = F F[N]

D istributed line load, q Rm Rp^s F / L [ N / m ]

Stress or pressure , a d m  0 ‘p '^ s F/ L^[Pa\

U nit weight, y II F / L ^ [ N / m ^ ]

M om entum , M M m  -  M pAj" FL[Nm]

Bending stiffness, E l ( E O m  = F [Nm^]

Time, t t  — t~~ ^ p ^ s T [ Hz ]

Frequency, f
f  — f  J m  J p ^ s ^  [Hz]

Note: subscript m  specifies the model and p  specifies the prototype.

4.3.1 Scaling issues at m icro-level

A m ong other technical difficulties in perform ing physical tests with geom aterials, the direct 

scaling o f  the particle/grain dim ensions is particularly  problem atic. It m ay introduce 

undesirable forces into play, unless a certain m inim um  ratio is m aintained between mean 

grain size (dso) and a characteristic dim ension (pile diam eter in the present investigation) o f  

the m odel (Sedran et al., 2001; Verdure et a l ,  2003). The m odel tests with prototype sand 

m ay show disproportionate shear bands and the m obilisation o f  higher ultim ate loads. 

However, several studies have shown that the influence o f  these shear-zones on the overall 

response o f  the foundation m ay be neglected if  the applied loads lie w ell below  the failure 

lim it (Hettler, 1981), or if  the ratio o f  foundation diam eter to grain size {D/dso) is greater than 

30 to 60 (Ovesen, 1979; Franke and M uth, 1985; Sedran et al., 2001; Verdure et al., 2003).

Since both conditions are m et for the m odel tests presented in this thesis, hence real size sand

has been used.
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Additionally, in a shallow soil container, the isotropic stress level, controlling the 

mechanisms under investigation is low, leading to a higher friction angle, but at the same 

time a low shear modulus when compared to its equivalent prototype. Many researchers, such 

as Kelly et al. (2006) and LeBlanc et al. (2010), addressed the issue by pouring the test sand 

at a lower relative density.

4.4 Existing loading systems for the study of scaled model piles at 1^

Over the past two decades, a number of different systems have been developed to apply 

monotonic and (or) repeating lateral loads in performing laboratory studies on model piles. 

The methods of operation of these systems can be broadly categorized as mechanical (Rao et 

al, 1998), electro-mechanical (Basack, 2005; Peng et al, 2006; LeBlanc, 2009), pneumatic 

and (or) hydraulic (Chandrasekaran et al., 2010; El Nagger and Wei, 1999; Kumar and Rao, 

2012). These loading systems have varying complexities in their development, 

manufacturing, operation and capabilities to simulate field conditions (see Figure 4.2). 

Detailed discussion on these loading systems is beyond the scope of this thesis; however, 

some of their key features are highlighted briefly, while further details can be found in the 

referred literature.

(a) Gravity based loading rig

This is one of the simplest loading systems in terms of fabrication and operation. 

Lateral load can be varied in small increments on the load hanger which pulls the 

pilehead under the action of gravitational force only as shown in Figure 4.2. This 

system is suitable for the study of model piles under the application of monotonic 

(static) loading because the weights can only be removed or placed manually.

(b) Gear thrust loading rig

This loading system uses a motor driven gear drive to apply lateral load on the 

pilehead at a certain strain rate, therefore various frequencies cannot be applied. 

The point of application of lateral load may change when the pile’s lateral 

deflection progresses. Cyclic loading under controlled conditions cannot be 

applied.
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Hydraulic drive loading rig

In this loading system, lateral force on the pilehead is applied by operating the 

hydraulic jack incrementally. Although the pile can be pushed forward or pulled 

backward, this loading system is not suitable for load amplitudes below 100 N, 

moreover a feedback pressure control unit is needed for better control over the 

applied load amplitude.

Electromechanical loading rig used by Peng et al. (2006)

This loading system is basically a mechanic gear driven device and uses the 

driving force provided by an electric m otor driven articulated circular gears. The 

system has been used successfully to apply 10000 load cycles with sufficient 

control over loading frequency, loading direction (one-way or two-way) and load 

amplitude. However the shape o f the generated wave-applied was only 

sinusoidal.

Pneumatic load rig

This loading system has the capability o f  applying the lateral loads through a 

pneumatic ram on the pilehead with proper control over loading frequency and 

amplitude using an electronic tim er and solenoid valve arrangement. However, 

this device has been used in loading tests o f up to a few hundred load cycles in 

one-way direction only (Chadrasekaran, 2010).

Electromecharucal loading system used by LeBlanc (2009)

This electromechanical loading rig was originally developed by Rovere (2004) 

for testing o f caisson foundations. The load rig is very stable and can efTiciently 

provide a sinusoidal loading for thousands o f load cycles (up to 60000 reported 

by LeBlanc et al. (2010)). However, its loading frequency is limited to 0.10 Hz 

(LeBlanc, 2009) and the adjustment o f  load amplitude for one-way or two-way 

loading is not an easy matter.

Electro-mechanical loading device by Byrne and Houlsby (2004)

The three-degree o f freedom loading rig was originally designed by Martin 

(1994) and is able to provide various types o f loading, including vertical, lateral 

load and the moment, independently in order to follow a desired load path 

(Byrne, 2000). The load level, num ber o f cycles and the frequency are 

changeable. The consistency o f the load amplitude may not be stable. Its 

reliability over a large number o f cycles needs to be assessed.
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Figure 4.2 Different types o f loading systems for the study o f  model piles under lateral

loading
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4.5 Development o f a new loading system for the study of model piles behaviour

The reliability as well as the acceptability o f laboratory model studies depends, among other 

factors, on the precision and efficiency o f  the loading system in modelling the actual field 

loading conditions through certain scaling laws. In the case o f  model studies for offshore 

structures, the experimental loading system must be capable o f simulating the environmental 

loading, particularly that acting in the horizontal direction, with varying amplitude and 

frequency. As a part o f this PhD study programme at Trinity College Dublin (TCD), the 

author has developed a load-controlled electromechanical loading system (at fabrication cost 

o f €500, approximately) for the application o f many thousands o f load cycles in the lateral 

direction, with full control provided over the loading direction, amplitude, frequency and 

waveform-shape (all these terms have been explained in the next sections o f this chapter).

4.5.1 General layout and components

A general layout o f  the new rig that is used to apply repeating lateral loads to the head o f  an 

instrumented pile (monopile) is shown in Figure 4.3. The driving torque for the loading 

system is provided by a three-phase 1.5 kW AC motor (1)  which induces torques through a 

system o f metallic chain linkages. In the present setup, the chains had a pitch length o f 12.7 

mm, pin length o f 6.0 mm and roller diameter o f  7.2 mm. The driving motor and gearing are 

mounted on a reaction frame (9) which is manufactured from pieces o f box section o f  mild 

steel. The box section’s dimensions are 25x50 mm with wall thickness o f 2 mm. Different 

panels o f the reaction frame are welded together to create rigid joints between them at the 

required loactions. The pile (75) is installed in the soil bed that is confined in a steel tank (8), 

having an interna! diameter o f 0.95 m, overall depth o f 0.60 m, and which is reinforced by 

box sections welded around its outer perimeter.

The steel tank and soil bed are isolated from the reaction frame and are therefore protected 

from any vibrations produced during working o f  the loading system. The loading frequency 

is regulated through a speed control unit for the motor which manages the speed o f rotation 

o f the motor shaft. Rotation o f gear x (3)  moves the sliding node (13) to-and-fro between 

points L and R. The sliding node is connected to the gear x by an articulated arm (12). By 

adjusting the position o f the pivot point (pin joint) and the sleeve length, the travel range o f
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the sliding node is controlled. Referring to the right hand side (RHS) o f the schematic 

diagram shown in Figure 4.3, one end o f  the RHS chain is linked to the sliding node and its 

other end to the RHS o f the pilehead via a miniature load cell (10) and spring (11).

The miniature load cells contain an internal nut (female part) on either side to hold a threaded 

rod o f  3 mm diamteter. One end o f  each o f the miniature load cells is attached to the pilehead 

with the help o f threaded rod which is 65 mm in length and passes across the pile’s diameter 

diametrically. This threaded rod is fixed to the pilehead with matching threaded nuts (female 

part) on either side. Spring washers 1 mm in thickness and 25 mm in diameter are also 

placed between the p ile’s curved surface and the threred nuts from either side. Other end of 

each o f the load cell is connected to the spring through a threaded rod with special head to 

hold the hook o f the spring.

As shown in the Figure 4.3, the chain loop, passes around with 80 mm diameter upper (2) 

and lower (5) cogs, between which a dead weight (7) can be attached via a load hanger. The 

assembly o f  these cogs with the reaction frame (9) is adjustable such that these can be moved 

upward and downward or horizontally within a margin o f 125 mm in either direction. This 

provision enables fine adjustment to be made to the line o f action o f the horizontal force with 

reference to the pile’s postion in the sand tank (8). For demonstration purposes, a schematic 

view o f the assembly points is shown in Figure 4.4. Under two-way loading, a similar 

arrangement is used to apply and measure the loading to the left-hand side (LHS) o f the 

pilehead. The loading system can be operated from a very low frequency o f  0.01 Hz up to 2 

Hz by simply controlling the speed o f rotation o f the drive motor. Loading frequencies in the 

range 0 .1-2.0 Hz have been used by different researchers (LeBlanc et al., 2010; Peng et al., 

2011; Cuellar et al., 2012; Lombardi et al., 2013) in the model studies at Ig  on monopile 

foundations for the OWTs.

116



Chapter 4 Development o f  a Rig to Study Model Pile Behaviour under Repeated Lateral Loads

Figure 4.3 Schematic o f  the TC D  rig for model pile studies, set up for two-way lateral loading 
N ote: I, drive motor; 2, upper right cog; 3, gear x; 4, upper right chain segment; 5, lower right cog; 6, lower right chain 
segment; 7, right loading weight with hanger; 8, steel tank; 9, reaction frame; 10, right load cell; 11, right spring; 12, articulated 
arm; 13, sliding node (pivot point); 14, reference support with LVDTs; 15, pile.
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axis of the cog

metal strip holding the cog

reaction fram panel ,

12 mm diameter 
hex cap screw 
with hex nut

125 mm long slots for the 
relative movement of the 
cog assembly and the 
reaction frame panel

(a)

125 mm

Figure 4.4 Cog assembly attachement to the reaction fram panel: 

(a) side view; (b) front view

4.5.2 Working mechanism

The working mechanism of the new loading system depends on the required loading scheme, 

with the range o f options defined in the next section o f this chapter. Referring to Figure 4.5, 

repeating lateral loading behaviour is acquired through the transfer o f loads (applied by the 

loading weights and hangers) from the upper chain segments to the lower chain segments, 

and vice versa. Tension forces are generated in the upper and lower chains alternately. The 

RHS lower chain segment (<5) goes from the spring to the bottom o f the chain loop, passing 

over the lower cog (5). The RHS upper chain segment (4) goes from the sliding node (2) to 

the bottom o f  the chain loop, passing over the upper cog (5).

In addition to the applied hanger loads and speed o f the drive motor, other ftindamental 

inputs for the loading scheme are:

(a) The positions o f the attachment points for the RHS and (or) LHS load hangers 

along the chain loops, with reference to the centres o f the upper cogs; i.e. the 

loading node position on the vertical chain-loop length. Referring to Figure 4.5,
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the zero wave amplitude is represented when the sliding node (2) is in its mid 

range (point O), while the vertical chain-loop length (VCLL) equals the 

horizontal chain-loop length (HCLL). The duration o f  loading impact on the 

pilehead is controlled or regulated by selecting the initial loading node position. 

Similarly, it controls or regulates the duration o f the load cycle for which a 

particular chain segment (upper or lower) remains under the action o f an applied 

tension force. For instance, with the loading node position for the RHS chain loop 

located on the upper chain segment {4), the tension force applied by the loading 

weight and hanger (7) remains in the upper RHS chain for a greater duration o f 

the load cycle. When the sliding node (2) moves to location R, the bottom section 

o f the RHS chain loop is at its lowest position.

(b) The stiffness o f the connecting spring(s) (S) substantially contributes in generating 

the required waveform shape. If  the spring(s) are replaced with (inextendable) of 

strings or with spring(s) o f very low stiffness, then almost square waveforms are 

generated by the loading system due to the abrupt action and interaction o f the 

loading on the pilehead.

A harmonised adjustment/correlation between the range o f node movement (points L to R in 

Figure 4.5) and elongated length o f the spring under loading to find the preferred loading 

scheme, is a tough but not unmanageable job. This is more onerous for two-way than for one

way loading. This task was achieved incrementally by experimental trials. For demonstration 

purposes. Tables 4.3, 4.4 and 4.5 show the comparative locations o f  the sliding node and 

loading hangers at interim stages for loading under one-way, balanced two-way and partial 

one-way sinusoidal load waves.
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©
HCLL

.llpi

iiiiiiiii'

Loading node positioi

Bottom o f  chain loop
when sliding node is at____
midrange (point O)

Figure 4.5 Schematic o f  the new loading system, set-up for two-way lateral loading

Note: I, slot for sliding node; 2, sliding node; 3, upper right cog; 4, upper right chain segment; 5, lower right cog; 6, lower right 

chain segment; 7, right loading hanger with weights; 8, right spring; 9, right load cell; 10, pilehead; HCLL and VCLL, horizontal 

and vertical chain-loop lengths respectively.
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4.5.3 Capabilities of the new loading system

The new  loading system w as designed to generate m any thousands o f  load cycles o f  variable 

load am plitude, frequency and w aveform  shape. The load am plitude depends on the 

m agnitudes o f  the weights applied to the RHS and (or) LHS load hangers. R eferring to 

Figure 4.8, the required w aveform  shape (e.g. sinusoidal, square, haversine, etc.) can be 

attained by adjusting the length N,  (i.e. the d istance betw een the loading node position and 

the bottom  o f  the chain loop when the sliding node is at m id-range) and (or) by using springs 

having different stiffnesses. Control over the frequency o f  the loading w ave is accom plished 

by regulating the speed o f  the drive motor. The loading schem e can be arranged to produce:

(a) O ne-w ay loading, when ju s t one load hanger w ith dead w eights is used, with the 

m agnitude o f  the load w ave varying betw een zero and the applied m axim um  load 

amplitude.

(b) Balanced tw o-w ay loading o f  single w aveform  shape, when equal w eights are 

attached to the tw o load hangers and both the springs have the same lengths and 

stiffnesses.

(c) O ne-w ay loading, with the m agnitude o f  the load w ave fluctuating betw een the 

applied m axim um  load am plitude and som e value above the zero value, hereafter 

term ed as a partial one-w ay loading.

(d) U nbalanced tw o-w ay loading when unequal w eights are attached to the two 

hangers.

(e) U nbalanced tw o-w ay loading o f  tw o different w aveform  shapes, when the 

loading system is configured to generate tw o different types o f  loading wave 

under the tw o-w ay loading i.e. the tension force to the LHS o f  the pilehead can be 

applied as a sinusoidal w ave and the load to its RHS could be applied as a 

Haversine wave. Such scenarios can be generated by using springs with different 

elastic m oduli and (or) changing the locations o f  the attachm ent points for the 

load hangers on the chains.

(f) All o f  the above m entioned loading scenarios (from (a) to (e)) can also be applied 

at a certain loading direction angle ( ¥ )  w ithin a range o f  ±25° with the main 

centre line, as shown in Figure 4.6. This special provision is achieved by 

adjusting the horizontal postion o f  the low er cog(s) relative to the main centre
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line of the monopile. However, during the current research work whole 

experimental campaign was carried out at a constant value of ¥=0 and sinusoidal 

waveform shape of the applied loading.

Note: Depending on the site, moderate variation in the direction of the lateral load may be 

experienced by the foundations of an OWT. Furthermore, wind and waves may not be co- 

linear, with differences in direction of up to 90° reported (Seidel, 2010). Compared to uni

directional cyclic tests, displacement accumulation has been shown to increase significantly 

in experiments with varying loading direction (DUhrkop, 2010; Rudolph et a l, 2014). Thus 

provision to change the value of W in this new loading rig is also a unique feature of its 

capabilities.

+25

centre line-axis

top view o f monopile

Figure 4.6 Definition o f the loading direction angle {'P) for the monopile

For balanced or unbalanced two-way loading of any waveform shape, the RHS and LHS load 

cell measures the tension forces, alternatively. The resultant shape of the loading wave for the 

whole system is obtained by superimposing the load-time curves measured by both load 

cells. For demonstration purposes, different shapes of lateral load waves were generated in 

the present study for load amplitudes in the range of 30% and 45% of the pile’s ultimate 

lateral load candying capacity under static/monotonic loading. These values of 30% and 45% 

correspond to fatigue and serviceability limit states respectively (DNV, 2011). The different 

experimental scenarios are presented qualitatively in Figure 4.7.
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balanced
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Time
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Time
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Time

one-way
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Time

Figure 4.7 Loading scenarios and generated wave shapes
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4.5.3.1 One-way sinusoidal load wave

For this configuration, only one load hanger with dead w eights, is attached to the chain 

system  (RH S chain in the scenario considered below  (see Table 4.3 and Figure 4.5). During 

set up, w ith the sliding node positioned at point L, the load hanger is attached to the chain 

link at the bottom o f  the chain loop system. The range o f  sliding node m ovem ent (i.e. 

d istance betw een points L and R) is adjusted such that it equals the extension (D/) o f  the 

spring, located between the low er chain segm ent and load ceil, in response to the applied 

load. D ifferent stages identified in the Table 4.3 can be described as:

(a) Stage 1

At the start o f  the load cycle, the sliding node is at its extrem e right position 

(point R), such that the spring is elongated by length D/ under the force applied 

by the load hanger w ith w eights. At this stage, the pilehead experiences the 

m axim um  lateral tension force.

(b) Stage 2

With the m ovem ent o f  the sliding node from point R tow ards point L, the 

extension in the spring starts reduceing and accordingly the pilehead experiences 

lower than the m axim um  lateral tension force.

(c) Stage 3

W hen the sliding node is positioned at its extrem e left (point L), the spring 

experiences no extension. In o ther w ords, no lateral load is applied to the 

pilehead. At this m om ent, the tension force in the upper right chain segm ent is 

com pletely carried by the torque o f  the drive motor.

(d) Stage 4

W ith the sliding node m oving from point L to R, the spring extends and the 

lateral load applied to  the pilehead increases again.

(e) Stage 5

W hen the sliding node reaches at point R, the pilehead experiences the maxim um  

lateral tension force thus com pleting one full sinusoidal cycle.

For one-w ay sinusoidal w ave loading, the vertical distance between the loading node position 

and the bottom  o f  the chain loop rem ains at practically  zero when the sliding node is at its 

m ean position.

124



Chapter 4 Development of a Rig to Study Model Pile Behaviour under
Repeated Lateral Loads

Table 4.3 Reference positions o f moving parts in loading system for one-way sinusoidal
wave

Stage Sliding node position
Spring
response

Relative  
position  
o f  chain 
and load 
hanger

Load cell 
measurem ent Remark

L O R
t ...... ...► t ..... ....► i

....

I  I

r — —̂n
rWNNNmN

•  •

•o
o

Time

Load cycle  
starts from  
m aximum  
applied load 
amplitude, 
with lower 
right chain  
segm ent under 
tension.

L 0 R
t ..... ... ► t ..... ....

o
T3reo

Time

Extension in 
spring (and 
hence tension  
force) reduces 
as sliding node  
m oves  
towards the 
LHS.

L 0 R
t ----- —► t ..... ....►t
P

A  = 0 
uluuum iITnn̂ flfN1

■ oC3
O

Time

W ith the slid ing  
node at poin t L. 
the spring has 
returned to  its 
original length 
and tlie hanger 
load tends to 
shift onto tlie 
u pper right 
chain segm ent.

L o R
t ---- —► t ----- —►t

O  .

"DC3
O

Time

A s the slid ing  
node m oves 
from  points L  to 
R, tlie spring 
extends and tlie 
load applied to 
the  pilehead 
increases again.

L 0 R
t -----—► t  — —►t

.................  o •  •

“Ocac

Time

When the sliding 
node reaches point 
R, the spring is 
under maximum 
elongation and the 
maximum lateral 
load is applied to 
the pilehead, 
completing one 
full sinsuoidal 
cvcle.
 -------------- yi
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4.S.3.2 Balanced two-way sinusoidal wave

For this configuration, w ith the sliding node located at point O, the load hangers and w eights 

are attached at the bottom  o f  the RHS and LHS chain loop system s (see Table 4.4 and Figure 

4.5). As long as the sliding node rem ains betw een points O and R (i.e. in the righ t-half span 

o f  node m ovem ent) the RHS lower chain segm ent and spring rem ain under varying tension 

force, w ith the pile tending to deflect tow ards the right from its m ean vertical position. 

Similarly, w hen the sliding node m oves w ithin the left-half span (betw een points O and L), a 

changing tension force acts in the LHS low er chain segm ent and spring, with the pile 

inclining to  deflect tow ards the left. D uring set up, the half-span length is m ore crucial and is 

adjusted in such a w ay that it equals the extension (O/) o f  the spring at the m axim um  load 

am plitude (i.e. lateral force equivalent to load hanger with w eights). D ifferent stages 

identified in the Table 4.4 can be described as:

(a) Stage 1

As the sliding node located at point R, the maxim um  tension force acts in the 

RH S lower chain segm ent.

(b) Stage 2

W hen the sliding node m oves aw ay from point R, the lateral tension force applied 

to the RHS o f  the pilehead reduces, with the force shifting to the RHS upper 

chain segm ent. On reaching point O  (i.e. at m idrange: Table 4.4), the RHS lower 

chain segm ent applies zero force to the pilehead.

(c) Stage 3

As the sliding node m oves w ithin the le ft-h a lf  span, the tension force in the LHS 

low er chain segm ent increases. W hen the sliding node reaches point L, the 

pilehead experiences the m axim um  load am plitude acting tow ards the LHS.

(d) Stage 4

On reaching point O  (i.e. at m idrange: Table 4.4), the LHS lower chain segm ent 

applies zero force to the pilehead and sliding node begins to start in the r ig h t-h a lf  

span.

(e) Stage 5

A full sinusoidal cycle is com pleted w hen the sliding node reaches point R again 

i.e. the m axim um  load am plitude is generated in the RHS low er chain segm ent.
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Table 4.4 Reference positions o f moving parts to produce sinusoidal wave under balanced two-way loading

OQ
S lid in g  n o d e  p o sitio n

R esp o n se  o f  
L H S  sp rin g

R esp o n se  o f  
R H S sp rin g

P osition  o f  
L H S chain  
and load 
h an g er
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o fR H S  
chain  and 
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R esp o n se  o f  
L H S load  cell

R esp o n se  o f  R H S 
load  cell R em ark

L o R
t ...... ...► t ..... ...►t

U< ....

D/ =  0
ttHUUUUIirnflTnTHi

A
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ch a in  seg m en t.
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a .
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~a 
* o
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A t p o in t O , th e  R H S  
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F u rth e r m o v em e n t o f  
th e  s lid in g  no d e  
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cau ses  th e  L H S 
sp rin g  to  ex ten d .
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• > t Urnjimm
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O
T3 

* O

Time

A t p o in t L , th e  L H S  
sp rin g  is a t its full 
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L H S h a n g e r  a c tin g  
on  th e  L H S  lo w er 
ch a in  seg m en t.
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Table 4.4 cont’d

L O R
- ► t MWttUUiM MiiJiUliUivmiTnTvt % Time

At point O, the LHS 
spring has returned 
to  its original length. 
Further m ovem ent 
o f  the sliding node 
tow ards point R 
causes the RHS 
spring to extend.

R
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O
uj Time

A t point R, the RHS 
spring is at 
m axim um
elongation under the 
lateral force 
equivalent to  that o f  
the RHS load hanger 
and w eights.
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4.5.3.3 Partial one-way sinusoidal load wave

This configuration is very similar to the configuration explained in Section 4.5.3.1, only one 

load hanger with dead weights is attached to the chain system (RHS chain in the scenario 

considered below (see Table 4.5 and Figure 4.5)). During set up, with the sliding node 

positioned at point L, the load hanger is attached to the chain link at the bottom o f the chain 

loop system. The range o f sliding node movement (i.e. distance between points L and R) is 

adjusted such that it is less than the extension (Df) o f  the spring, located between the lower 

chain segment and load cell, in response to the applied load. For example, at the start o f  the 

load cycle, the sliding node is at its extreme right position (point R), in which case the spring 

is elongated by length Di under the force applied by the load hanger with weights (see stage 

1, Table 4.5).

At this stage, the pilehead experiences the maximum lateral tension force. With the 

movement o f the sliding node from point R towards point L (stage 2, Table 4.5), the 

extension in the spring reduces, such that when the sliding node is positioned at its extreme 

left (point L), the spring experiences some extension (stage 3, Table 4.5), in other words, the 

lower limit o f lateral load is applied to the pilehead. At this moment, the tension force in the 

upper right chain segment, due to the load hanger with weights, is not completely carried by 

the torque o f the drive motor. With the sliding node moving from point L to R, the spring 

extends and the lateral load applied to the pilehead increases again, reaching its maximum 

value when the sliding node reaches point R (stage 5, Table 4.5), completing one sinusoidal 

cycle. For partial one-way sinusoidal wave loading, the spring experiences some extension 

during the complete load cycle.

4.5.3.4 Unbalanced two-way sinusoidal wave

This configuration is essentially very similar to the one explained in Section 4.5.3.2, however 

load hangers with different weights are attached to the RHS and LHS chains (Figure 4.5), or 

springs with different values o f stiffness are used on either side o f the pile. This arrangement 

gives different values to the applied lateral load amplitude when the sliding node reaches at 

point O and R.
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T able 4 .5  R eference positions o f  m oving parts in loading system  for partial one-w ay
sinusoidal w ave
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4.6 Summary of the chapter

Model studies at a reduced level is a well established technique not only to understand the 

soil-structure interaction, but to validate the complex numerical simulation in the field o f 

Geotechnical engineering. However, the derivation o f the correct scaling laws is a necessary 

first step in the experimental study at reduced scale levels. The similitude relationships are 

essential for interpreting the experimental data and also for scaling up the results to real 

prototypes. A new load-controlled electromechanical loading system has been developed to 

apply many thousands o f repeating lateral load cycles in different forms to a Ig  model, with 

full control provided over the loading direction (e.g. one way or two way), amplitude, 

frequency and waveform shape (e.g. sinusoidal, square or haversine). The new loading 

system is easy to operate and can create realistic repeating cycles o f lateral loads. Therefore, 

it is particularly suitable for the investigations o f monopiles for offshore structure 

foundations. Compared with equivalent setups (which costs €50000-250000 , approximately) 

employing pneumatic or hydraulic actuators the new loading system is able to produce 

similar performance at lower cost o f  €500 , approximately and also provides more control 

over the waveform shapes.
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5 Experimental Investigations and Modelling

5.1 Introduction

This chapter presents details o f  the experimental campaign carried out to investigate the 

long-term behaviour o f  small-scale m onopile through physical model tests. Experimental 

set-up, including model m onopile, test tank and instrumentation to m easure the response 

o f  the m onopile, are presented in Section 5.2. The data acquisition system, sand 

characterization, and sand bed preparation method along with the pile installation 

technique are explained in Sections 5.3, 5.4 and 5.5 respectively. Section 5.6 explains the 

testing program m e along with the nom enclature used to identify any particular test. 

Determ ination o f  the ultimate lateral load carrying capacity under static loading has been 

documented in Section 5.7. Different experimental observations, including qualitative 

discussion on the soil-p ile interaction under repeated lateral loads; form ation o f  conical 

depression and sand densification around the monopile; variation o f  stiffness o f  the so il-  

pile system, and variation in lateral soil resistance (LSR) have been presented and 

discussed in detail in Section 5.8.

The effect o f  different characteristics o f  the repeated lateral load cycles on the 

accum ulated rotation o f  the m onopile has been presented and explained in Section 5.9. 

Section 5.10 explains the developm ent o f  an experimental model to estimate the 

accum ulated rotation o f  the m onopile due to many thousands o f  load cycles applied in 

the lateral direction. The model takes into account the characteristics o f  the load cycle 

effectively, as well. Finally, a summ ary o f  this chapter is presented in Section 5.11.

5.2 Experimental set-up

For the present study a load-controlled electromehanical loading system, developed at 

Trinity College Dublin (TCD), was employed. Details o f  the developm ent and fabrication 

o f  this loading rig along with its operational capabilities have been presented in Chapter 

4. The final set-up, along with the m onopile installed in dry sand contained within the 

0.95 m diam eter by 0.6 m deep rigid steel tank and other accessories, is shown in Figure 

5.1.
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(a) Note: 1, steel tank; 2, braced reaction frame; 3, right load hanger and w eights; 4, sand bed surface; 5, 
lower right chain segm ent; 6, low er right cog; 7, upper right cog; 8, vertical LVDT; 9, m otor shaft chain; 10, 
drive motor; 11, upper right chain segm ent; 12, articulated arm; 13, sliding node; 14, slot for sliding node; 
15, upper left chain segm ent; 16, upper left cog; 17, horizontal LVDTs; 18, pilehead; 19, lower left cog; 20, 
low er left chain segm ent; 21, left load hanger and weights.

(b) Sole: 1, vertical LVDT; 2, pilehead; 3, sand bed surface; 4, low er right chain segm ent; 5, right spring; 6, 
right load cell; 7, left load cell; 8, horizontal LVDTs; 9, left spring; 10, lower left chain segm ent.

F igure  5.1 Schematic diagram o f  the TC D  rig for model pile studies: (a) m onopile  in 
dense sand bed undergoing tw o-w ay  repeated lateral loading; (b) instrumentation at the

pilehead
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5.2.1 M odel monopile

In this study, the model monopile was manufactured from smooth brass tubing. Its length 

was 540 mm while outer diameter and wall thickness were 53.0 and 0.8 mm,

closed using a 3-m m  thick brass plate to represent a fully plugged tubular pile. 

Geometrically, the pile set up, with a pile embedment length {L) to outer diameter (D) 

ratio o f  6.8 at the start of  each loading test can be categorised as a short rigid pile, which 

encompasses L/D  ratios o f  up to 10 (Tomlinson, 2001; Peng et a l ,  2011; DNV, 2011). To 

verify this, the pile rigidity was also related to the dimension-less embedment length {tiL) 

for short and long piles (Broms 1964(7). The coefficient r[ is calculated from Equation 5.1 

as:

According to Terzaghi (1955), the value o f  (coefficient of the initial subgrade reaction

pile is considered as a short rigid pile if the value o f  tiL is less than 2 and as a long elastic 

pile if this value is greater than 4 (Broms, 1964a; Chari and Meyerhof, 1983). The 

calculated value o f  riL (=1.94) indicates that the model monopile used in the experimental 

study satisfy the criterion for short rigid piles. Other criteria used to defme a rigid or 

flexible pile behaviour are given in Appendix (D). The dimensions of the model 

monopile, typically represents a field monopile (made of steel) for an offshore wind- 

turbine (OWT) foundation system at l/lOO'^ scale.

5.2.2 Test tank

The laboratory model tests were conducted in a rigid test tank made o f  mild steel with an 

inside diameter of 0.95 m and 0.6 m in depth. The vertical edges o f  the tank were 

strengthened by using box section of steel at the middle and at the top o f  the sides. The 

inner face o f  the tank had graduated markings at 100 mm intervals to facilitate an accurate 

preparation o f  the sand bed in layers. Balachandran (1996) stated that the peak friction 

angle between sand and treated surfaces decreases by about 65% compared to the case of 

untreated surfaces. Therefore, the test tank was polished with a smooth layer o f  varnish- 

paint to minimise any possible friction between the sides of the tank and the soil. These 

tank dimensions were chosen to ensure that the failure wedge around the monopile under

respectively, which produced a bending stiffness (El) o f  4.33 kN-m^. Its lower end was

(5.1)

modulus) for dense sand is 19800 kN/m^ (dense sand was used in the current study). A
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the static and repeated lateral loading scenarios investigated in the present study should 

not extend up to the walls. Furthermore, the ratio o f  the tank diameter to pile diameter is 

greater than 17, hence any other possible boundary effects associated with the relative 

dimensions o f  the tank and the monopile are assum ed to be the m inimum level (Davie and 

Sutherland, 1978; Rao et a l ,  1996). Similarly a soil cushion (sand in our case) having a 

depth o f  3 to 4 times the pile diameter located below the pile tip is considered sufficient to 

absorb the vertical stress field (LeBlanc et al., 2010).

5.2.3 Instrum entation and calibration procedure

There are some basic instruments required and used in model pile tests at 1^ to measure 

the pile displacement, pilehead load magnitude, stresses and strains in the pile, and soil 

reaction. The instrumentation used during this experimental investigation includes load 

cells, linear variable differential transformer (LVDTs), strain gauges and miniature soil 

stress measuring cells. This section explains their com m on characteristics, arrangement in 

the experimental set-up, and the calibration procedures adopted to verify the manufacturer 

calibration factor, and to make adjustments or corrections for them where ever necessary.

5.2.3.1 Load cells

Figure 5.2 illustrates the arrangement o f  load cells and LVDTs used to measure the lo ad -  

displacement (rotation) behaviour o f  the monopile under static and repeated lateral loads. 

The two horizontally mounted miniature load cells, with a range o f  ±250 N (series L C M - 

703, manufactured by Om ega Engineering Ltd., UK), were used to record the repeating 

lateral loads applied to the pilehead by the loading system.

LVDT in vertical d irection

50 mm

— T — mmM

LVDTs in horizontal direction  
P ilehead

Right load cell 
Right spring
Lower right chain segment

90 mm = m om ent arm Sand bed surface level
.V .

Figure 5.2 A rrangem ent o f  load cells and LVDTs at the pilehead
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5.2.3.1.1 Calibration of load cells

For the calibration process, standard weights were applied to the load cells through a 

hanger, as shown in Figure 5.3. The load was applied in increments o f  10 N over the 

range o f  250 N, and the output o f  the load cells was recorded \n m V  through the data 

acquisition system (explained in Section 5.3). Five cycles o f  loading-unloading were 

performed for the calibration of each load cell. The results were plotted on a graph 

(Figure 5.4) and a linear relationship was found between m V  and applied load over the 

range used.

Figure 5.3 Arrangement for the calibration of load cells

300

u 200 a
-a

50

y = I .0057X- 0.3048
50

0
0 200 25050 100 150

Load applied (N)

Figure 5.4 Calibration chart for load cells
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S.2.3.2 LVDTs

Along the section o f  the pile protruding above the sand bed surface, two horizontally 

mounted LVDTs, one located 50 mm directly above the other, recorded the lateral 

displacements o f  the pilehead. This arrangement allowed the determination o f  the rotation 

(tilt) o f  the rigid pile from its initial vertical alignment, the depth to its point o f  rotation 

along its embedment length, and its lateral displacement at the sand bed surface level. A 

third LVDT, mounted coaxially with the pile, measured the pile 's vertical displacement 

response (Figure 5.2). The LVDTs (series T R -0050 , manufactured by Novotechnik 

Ostfildern, Germany) had a m aximum range o f  50 mm with linearity up to 0.075%.

5.2.3.2.1 C alibration o f LVDTs

The calibration process o f  the LVDTs was carried out using a reference dial gauge and 

calibration strips o f  known thicknesses, which were made o f  Perspex. The LDVTs were 

placed vertically on the horizontally placed calibration strips. The reference dial gauge 

was mounted on the cap o f  the LVDT, as shown in Figure 5.5. Whilst varying the known 

thickness o f  the horizontally placed strips, the response o f  the LVDT was recorded \n m V  

through the data acquisition system (explained in Section 5.3) against the dial gauge 

reading, which was accurate to 0.01 mm/div. During the calibration process, each LVDT 

was moved up and down in increments o f  5 mm, up to a m axim um  displacement o f  45 

mm, and five cycles were performed over the range o f  0 ^ 5  mm. The results were plotted 

on a graph (Figure 5.6) and a linear relationship was found between mV  and the 

displacement o f  the LVDT over the range used.

R eference dial gauge

LVDT

Perspex strips o f  5 

mm thickness, 

approxim ately.

1  V .
Figure 5.5 Arrangement for the calibration o f  LVDTs
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Figure 5.6 Calibration chart for LVDTs

S.2.3.3 Strain gauges

Strain gauges attached to the pile surface have been widely used to verify soil-pile 

behaviour, especially when the pile is subjected to lateral loading. The monopile was 

instrumented over its embedment length using 8 strain gauges o f  type T M L -PL -IO -I  I, 

manufactured by Tokyo Sokki Kenkyujo Co. Ltd., Japan (Figure 5.7). These gauges were 

arranged in a line at 50 mm centre-to-centre spacing and attached to the pile’s outer wall 

surface using an epoxy adhesive, with the lowermost gauge located at a distance o f  20 

mm above the pile tip. They had a gauge length and width dimensions o f  10 and 5 mm, 

respectively, a gauge factor o f  2.07 and quarter Wheatstone Bridge circuit configuration. 

A thin layer o f  epoxy was applied over the attached strain gauges, and also locally on 

their lead connections, in order to provide protection from potential damage during 

handling o f  the pile, its installation in the sand beds, and when it was under repeated 

lateral loading.

5.2.3.3.1 Calibration of strain gauges

For the calibration o f  the strain gauges, the test pile (monopile) was subjected to a point 

load test after it was set up as a ‘simply supported beam’, as shown in Figure 5.8. The 

magnitude o f  the point load was varied in the range of 50 to 250 N while its point of
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application was kept constant at its mid span (i.e. 190 mm from the left side support). The 

theoretical value of the bending strain at the location o f  the 8 strain gauges was calculated 

through the Equation 5.2.

£ ^ 2 1 ^ ................................................................................................................................... (5.2)
E l ^ ’

where e is the strain value in units of micron; M  is the calculated value of the bending 

moment at the location o f  the strain gauges; D  is the outer diameter of the monopile; and 

El  is the bending stiffness o f  the monopile.

/03/20li

Figure 5.7 Arrangement of strain gauges on the outer surface o f  the monopile

Point load Head

20 mm10 mm
7@50 mm

Figure 5.8 Point load test o f  the test pile during calibration of the strain gauges
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Table 5.1 provides a comparison between measured values o f  the bending strain with 

those calculated from Equation (5.1).

Table 5.1 Comparison o f  measured and calculated values o f  strain under different

loadings and locations

Point
load 50 N 100 N 200 N

L
ocation 

of 
strain 

eauees

M
easured

Strain
(M

S)

C
alculated

Strain
(C

S)

R
atio

C
S/M

S

M
easured

Strain
(M

S)

C
alculated

Strain
(C

S)

R
atio

C
S/M

S

M
easured

Strain
(M

S)

C
alculated

Strain
(C

S)

R
atio

C
S/M

S

1 1.4 1.57 1.12 3.14 4.01 1.28 6.27 5.13 0.82
2 10.33 9.41 0.91 18.82 17.27 0.92 37.63 35.27 0.94
3 16.35 17.25 1.05 34.50 33.26 0.96 69.00 68.24 0.99
4 2 6 .3 9 2 5 .09 0.95 50.19 48.28 0.96 100.38 105.37 1.05
5 2 4 .3 6 2 5 .30 1.04 50.59 49.37 0.98 101.18 98.37 0.97
6 17.02 17.86 1.05 35.71 33.58 0.94 71.42 73.70 1.03
7 9 .6 3 8 10.41 1.08 20.83 19.24 0.92 41.65 38.26 0,92
8 3.25 2 .97 0.92 5.95 5.94 1.00 11.90 8.26 0.69

Average value 1.01 1.00 0.93

For some strain values the difference between the measured reading and the calculated 

value is relatively high. However, the average difference was not more than 7%. This 

difference could be due to the following reasons, among others:

(a) The strain gauges near the supports were influenced by the supports.

(b) The strain was determined over the whole length o f  the gauge, but the 

calculated stain was taken at the centre point o f  the gauge.

(c) There m ay also be some influence due to temperature variation during the 

experimental work.

S.2.3.4 M iniature soil stress m easuring cells

During the current study an attempt was m ade to quantify the soil pressure within the dry 

sand mass, and at the so il-p ile  interface, using miniature soil stress-measuring cells 

(SSM Cs). For this purpose type T M L -P D A -2 0 0 k P a  cell, manufactured by Tokyo Sokki 

Kenkyujo Co. Ltd., were chosen because o f  their small size, having a total diameter and 

thickness o f  6.5 and 1 mm, respectively, leading to a minimisation in the distortion o f  the 

shaft geometry caused by the curvature o f  the pipe pile. These cells consist o f  a stiff outer 

ring enclosing a thin circular diaphragm, which has four strain gauges mounted on its
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underside in order to sense deflection. Two o f  the strain gauges act in tension and two act 

in compression, providing a fully active Wheatstone bridge. When pressure is applied to 

the diaphragm, the strain gauges change in length, causing a change in the resistance o f  

the wires which can be correlated to the amount o f  pressure acting against the sensor’s 

diaphragm. A schematic o f  the cell is shown in Figure 5.9.

A specially designed apparatus was used to calibrate these cells under repeating load at 

different frequencies to simulate the model test conditions at 1^. The details o f  the 

calibration procedure used can be found in Appendix (E). The author identified many 

difficulties and limitations in the use o f  such cells under repeating loads, as they were 

predominantly hysteretic in their response. In the author 's  experience, the evaluation o f  

normal stress using such devices based on the m anufacturer’s calibration factor values 

(which are usually produced for the monotonic loading condition only) may lead to 

misinterpretation, particularly under long-term repeating loads. To avoid complication in 

the interpretation o f  test results, these cells were not used throughout the whole 

experimental campaign.

Sensing surface.

Bonded strain gauge

Stiff ring

y///////////////m Electrical wire

Figure 5.9 Schematic o f  SSMC: (a) in cross section; (b) in plan 

5.3 Data acquisition system

The outputs from the load cells, LVDTs and strain gauges were recorded by a S ys tem - 

7000 data acquisition system (Vishay Precision Group, USA), shown in Figure 5.10. This 

system simultaneously scanned each sensor/channel at 10 data points/second, with a 

m easurem ent accuracy o f  ±0.05%  full scale and 0.5 micro strain resolution. An Ethernet 

interface allowed flexible positioning o f  the sensor displays on a laptop computer in 

numeric and (or) graphic modes using Windows-based ‘Sm art-Strain’ software. This 

system records the calibrated values of load applied to the monopile and generated lateral 

deflection of the monopile through load cells and LVDTs, respectively.
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The complete execution procedure o f  this data acquisition system and software has been 

provided in Appendix (F).

Figure 5.10 Data acquisition system ‘S y s tem -7 0 0 0 ’ along with display unit (laptop)

5.4 Sand characterisation

C ommercially  available air-dried Glenview sand was used for all tests. The sand particles 

were sub-angular to angular falling in the range o f  O.I to 1.0 m m , having Jjo. <â3o, dso. d(,o 

values o f  0.16, 0.22, 0.27 and 0.31 mm respectively. These values were found to be in 

accordance with BS 1377-2 (BSI, 1990a). The grain size analysis results in a coefficient 

o f  uniformity (C„ =  deo/^^io) o f  1.85 and a coefficient o f  curvature ( Q  =  )

o f  1.0 and the sand can be described as poorly graded sand (SP) according to the Unified 

Soil Classification System (USCS). A particle size distribution curve for the sand is 

shown in Figure 5.11.

The specific gravity was found to be 2.65 using A ST M  D 854-02 . The test sand had 

m inim um  and maximum dry density values o f  1388 and 1662 kg/m^, as per ASTM 

D 4254-06  and ASTM  D 155 7 -0 7  respectively, which equate to m axim um  void ratio {emca) 

values o f  0.92 and m inim um  void ratio {€„,„) values o f  0.60. At m axim um  density, the dry 

sand had a peak and critical friction angle o f  39° and 35° respectively, determined from a 

60 m m  square shear-box test using three distinct values o f  normal stress equal to 50, 100 

and 1 5 0 k P a  (ASTM  D 3080-1).
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Figure 5.11 Particle size distribution curve for the sand used in the experimental work 

5.5 Sand bed preparation and the m onopile installation

The sand was air-pluviated into the tank, gently raining in 6 layers, each being 100 kg in 

mass, which produced deposited layers o f  approximately 90 mm in thickness. After the 

first two layers o f  sand were deposited in the tank, the model pile was aligned vertically at 

the centre o f  the tank, with temporary support to the pilehead provided by tensioned 

horizontal steel wires which were secured radially to the wall o f  the tank. Four more 

layers o f  sand were deposited, bringing the sand bed to its full depth o f  0.54 m, and 

producing an embedded pile length o f  0.36 m. During the whole depositing process, the 

sand surface was levelled with a straight edge before depositing the next sand layer. This 

installation scenario represents a ‘wished in p lace’ closed-ended pile. The pile installation 

method used in this study was adopted to simulate non-displacement piles. This method 

represents no displacement in the soil around the pile during installation to maintain the 

sand’s relative density within desired limit values during the experimental tests. It may be 

considered figuratively, as bored or auger piles, which cause low displacement in the soil 

around the pile during installation.

The preparation technique produced sand beds with a dry density o f  1577±6 kg/m^ for all 

the sand beds prepared in the present investigation (relative density index range o f  7 0 -
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74%). Before the start o f  the test, the LVDTs and load cells were installed at the pilehead 

as shown in Figure 5.2, and the leads for all the instrumentation were connected to the 

data acquisition system, and temporary supports were removed. Different stages o f  sand 

bed preparation and pile installations are shown in Figure 5.12.

Tensioned steel wires Adjusting assembly connectors

F ig u re  5.12 Different stages o f  sample preparation and the monopile installation
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5.6 Testing programme

As part o f  the research program me for evaluating the lateral response o f  the m onopile 

foundations, different series o f repeated lateral load tests were performed in the laboratory 

under simulated environmental loads for OW Ts. For this purpose, the m onopile was 

loaded by the horizontal force acting on the pilehead at a fixed point, i.e. at fixed m om ent 

arm (see Figure 5.2) at the beginning o f  each test. The testing program me was comprised 

o f  28 lateral load tests performed on the ‘wished in place’ m onopiie installed in dry sand 

beds, and during each test 6000 lateral load cycles were applied to the pilehead, except for 

test numbers 1 and 27, where 16000 load cycles were applied.

Furthermore, each test was performed at least tw o tim es to check the repeatability and 

ensure confidence in the data acquired. The testing program m e presented in this study is 

a param etric study that investigated different loading scenarios designed on the basis o f 

loading direction (balanced and unbalanced two-way and one-way loading), load 

amplitudes and loading frequencies. The different tests are listed in Table 5.2, and can be 

identified as follows: loading direction (Iw , one way; 2w, tw'o-way)/load amplitude 

(N)/frequency (Hz). For example, lw/40/0.1 indicates one-way lateral loading w ith an 

amplitude o f  40 N and a frequency o f  0.1 Hz; 2w /30-60/0.4 indicates tw o-w ay lateral 

loading, 30 N in one direction and 60 N in the other (i.e. unbalanced), at a frequency o f 

0.4 Hz; 1 w /25-50/0.25 indicates one-way lateral loading, load amplitude fluctuating from 

25 to 50 N from the same side, at a frequency o f  0.25 Hz. The repeated lateral load 

characteristics are also defined using the Equation (5.3) and (5.4) (i.e. Equation 3.68 and 

3.69 are reproduced here).

where Pŷ  is the ultimate lateral load-carrying capacity o f  the monopile; Pjnax 's  the

m ax (5.3)

Ccc
p.m m (5.4)

maximum lateral load applied at the pilehead during repeated lateral loads and PTnm is the 

minimum lateral load at the pilehead during repeated lateral loads.

The characterisation o f  the load cycle using param eter and specially intended to 

facilitate the analysis o f  data for different influential parameters.
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Table 5.2 Lateral load testing programme on the model pile

Test ID Loading scenario

Left 
hanger load 

(N
)

Right hanger load 
(N

)
.. 

... Frequency 
(H

z)

&
II

J o  
jra 3  
s  n  

K

r>

II

f  i ”

1 lw/40/0.10 one-way 0 40 0.10 0.25 0

2 lw/40/0.25 one-way 0 40 0.25 0.25 0

3 lw/12-^0/0.25 One-way 0 40 0.25 0.25 0.3

4 lw/20-40/0.25 One-way 0 40 0.25 0.25 0.5

5 lw/40/0.40 One-way 0 40 0.40 0.25 0

6 2w/40-40/0.10 balanced two-way 40 40 0.10 0.25 -1

7 2W/20-40/0.25 unbalanced two-way 20 40 0.25 0.25 -0 .5

8 2W/30-40/0.25 unbalanced two-way 30 40 0.25 0.25 -0.75

9 2W/40-40/0.25 balanced two-way 40 40 0.25 0.25 -1

10 2w/40-40/0.40 balanced two-way 40 40 0.40 0.25 -1

11 lw/50/0.25 two-way 0 50 0.25 0.31 0

12 Iw /15-50/0.25 partial one-way 0 50 0.25 0.31 0.3

13 lw/25-50/0.25 partial one-way 0 50 0.25 0.31 0.5

14 2W/25-50/0.25 unbalanced two-way 25 50 0.25 0.31 -0 .5

15 2W/33-50/0.25 unbalanced two-way 33 50 0.25 0.31 0.75

16 2W/50-50/0.25 balanced two-way 50 50 0.25 0.31 -1

17 lw/60/0.10 one-way 0 60 0.10 0.38 0

18 lw/60/0.25 one-way 0 60 0.25 0.38 0

19 Iw /18-60/0.25 partial one-way 0 60 0.25 0.38 0.3

20 lw/30-60/0.25 partial one-way 0 60 0.25 0.38 0.5

21 lw/60/0.40 one-way 0 60 0.40 0.38 0

22 2W/60-60/0.10 balanced two two-way 60 60 0.10 0.38 - 1

23 2w/30-60/0.10 unbalanced two-way 30 60 0.10 0.38 -0 .5

24 2w/60-60/0.40 balanced two-way 60 60 0.40 0.38 -1

25 2W/30-60/0.25 unbalanced two-way 30 60 0.25 0.38 -0.5

26 2W/45-60/0.25 unbalanced two-way 45 60 0.25 0.38 -0.75

27 2W/60-60/0.25 balanced two-way 60 60 0.25 0.38 -1

28 2w/30-60/0.40 unbalanced two-way 30 60 0.40 0.38 -0 .5
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5.7 Response of the monopile under lateral static loading

The ultimate static lateral load-carrying capacity (P^) o f the model pile, at the same 

embedment in the dense sand beds, was estimated using the newly developed loading rig, 

as explained in Chapter 4. The steel tank (test tank) was filled with sand and the monopile 

pile was installed using the same procedure as explained in Section 5.4. Before the start of 

the test, the static lateral load-carrying capacity o f the monopile was estimated using 2-D  

LPILE software.

5.7.1 Ultimate static lateral load-carrying capacity of the monopile

The static load was applied in small increments of 10 N, and the reading from the 

horizontally mounted LVDTs was allowed to stabilise before the application o f the next 

load increment (Peng et al., 2011; Nasr, 2014). In the existing literature, there is no 

unique definition or criteria to establish the value of for a rigid pile; this value depends 

upon the structure where it has to perfonn its required function. Different assumptions 

concerning the ultimate lateral load capacity of piles have been used by different 

researchers. The assumptions made by researchers are generally based on the excessive 

lateral displacement o f the pilehead or the rotation of the pile (Hu et a i, 2006). On the 

other hand, some researchers defined the lateral load carrying capacity of the pile from 

the load-defiection curve o f the pile corresponding to a point where the curve becomes 

linear or substantially linear (Prasad and Chari, 1999; Dickin and Laman, 2003).

In previous studies o f rigid model piles performed at Ig, the P„ value was usually 

estimated for lateral pile deflections o f 0.1-0.2 D  (El Sawwaf, 2006; Erdal and fvlustafa, 

2011; Peng et al., 2011; Cuellar et al., 2012) occurring at the sand bed surface. For the 

same experimental data eight different definitions o f pile failure with a corresponding 

difference in the failure load o f up to 40% can be found (Fellenius, 1975). Nevertheless, 

the lateral design o f the large-diameter piles as required for OWT is normally governed 

by the deformation behaviour rather than by the ultimate resistance, since the strict 

serviceability condifions for pilehead rotation and for the structure's inclination normally 

infer soil reactions well below the ultimate lateral resistance (Lesny, 2008). For the 

current investigation, the value o f was estimated to be equal to 160 N for the given 

height o f the point o f application o f the lateral load, which corresponds to a point on the 

load-rotation curve where, apparently, plastic deformation o f the surrounding sand starts. 

At this point, the pile had rotated 2.5° from the vertical direction and its lateral deflection

147



Chapter 5 Experimental Investigations and M odelling

at the sand bed surface level was approxim ately 9.15 mm; i.e. 0.17 times the pile’s outer 

diam eter D. It is apparent from Figure 5.13 that the increase in rotation o f  the pile is only 

0.9° for the load increment in the range o f  140-160 N, while this value rose to more than 

1.7° when the load was increased from 160 to 170 N. Repeatability o f  the p ile’s response 

in this test was confirmed by perform ing two more static lateral load-carrying capacity 

tests, following the same procedure for sand sample preparation, pile installation and 

application o f  the lateral loading in small increments. In the present study, the load 

am plitudes o f  40 and 60 N closely correspond to the fatigue and serviceability lim it states 

respectively, while the p ile’s ultimate static lateral load-carrying capacity is 160 N (DNV, 

2011).

180
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120

 Test 2
- " • " -T e s t  3 

A Average values

2 30 0.5 1.5 2.5
Rotation (degree)

Figure 5.13 L oad-rotation relationship for the m onopile under static loading

5.7.2 Variation in bending m om ent profile and lateral soil resistance (LSR)

The structural behaviour o f  a rigid pile (monopile) under lateral loading is defined by its 

rotation as a rigid body. However, since the p ile’s stiffness is finite, and provided a high 

resolution data acquisition system like the System -7000 is used, some bending strains at 

m icrostrain level can be m easured by strain gauges bonded to the pile (monopile) shaft. 

These data are usually em ployed for evaluations/interpretations related to the p ile’s 

bending m om ent profile and the lateral soil reaction and deform ations occurring in the 

soil strata over the pile em bedm ent length. The bending m om ent distribution M (z) and
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the variation in lateral soil resistance along the embedded length o f the monopile was 

obtained, in accordance with Equation (5.5) and (5.6).

where M (z ) is the bending moment; p (z ) is the lateral soil resistance (force/length); c 

(=D/2) is the outer radius o f the pile; E l is the bending stiffness o f the pile, and £ is the 

strain value at a particular embedded depth (z) o f the pile.

The ultimate lateral load-carrying capacity (P J  o f the rigid pile is calculated from the 

lateral soil resistance (p) distribution profile along its embedded length. For this 

investigation, the bending moment data obtained, corresponding to the different values o f 

the applied lateral loading was fitted into trend lines o f the 4'̂  ̂ and 5* order global 

polynomial functions as shown in Figure 5.14. These polynomial functions were obtained 

on the basis the least squares regression analysis using embedded length o f the monopile 

as an independent variable. The 4"  ̂ order polynomial function produced the value o f the 

coefficient o f correlation o f more than 0.94 and the corresponding values for the 5‘*̂ order 

polynomial functions were more than 0.98.

(5.6)

(5.5)
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Figure 5.14 Variation o f bending moment along the embedded length o f the monopile
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The bending m om ent is found to be very sensitive to the lateral load applied, increasing 

rapidly with the applied load. The peaks o f  the bending moment curves are located at an 

embedded length o f  approximately 150 mm. A review o f  the curves indicates that the 

depth to the m aximum moment increases as the deflection (and load) increases. Similar 

behaviour has been reported by many researchers, including Rollins et al. (2005). The 

lateral soil resistance (LSR) was estimated from the 2"‘* derivatives o f  the bending strain 

profiles based on cubic splines (piecewise polynomials), and on 4'̂  ̂ and 5"  ̂ order global 

polynomial functions.

Figure 5.15 shows the shapes o f  the generated LSR profile and value o f  the LSR (in unit 

o f  force/length) along the embedded length o f  the monopile at three different levels o f  the 

applied lateral load (40, 100 and 160 N). From this figure it can be concluded the shapes 

o f  the generated LSR profile and value o f  the LSR markedly depend on the degree o f  

polynomial fnctions employed. For instance, 3'̂ '* order (piecewise) and 5'^ order 

polynomial functions o f  the bending strain data generate LSR profile similar to the one 

proposed by Broms (1960a), which was projected theoretically (Prasad and Chari, 1999). 

M eanwhile 4 ‘̂  order polynomial functions o f  the bending strain data follow the LSR 

profile pattern suggested by Adams and Radhakrishna (1973); Chari and M eyerhof 

( 1983); Joo (1985); M eyerhof and Sastry ( 1985) and Prasad and Chari ( 1999).

These profiles (Adams and Radhakrishna, 1973; Chari and M eyerhof, 1983; Joo, 1985; 

M eyerhof and Sastry, 1985; Prasad and Chari, 1999) were developed from the actual soil 

pressure m easurem ents and assume a linear variation for the LSR for the different 

portions along the em bedded length o f  the pile. However, these suggest reversal o f  LSR 

above the toe o f  the monopile i.e. at the point o f  rotation o f  the pile (Figure 3.3). It should 

be noted that the accuracy o f  modelling the LSR profiles using the bending strain data 

depends upon the quality and quantity o f  strain data.
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Figure 5.15 Variation o f  LSR along the embedded length o f  the monopile at lateral load:

(a) 40 N; (b) lOON and (c) 1 6 0 N
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5.8 Long term behaviour of the monopile under repeated lateral loads 

5.8.1 Qualitative discussion on soil-p ile interaction under lateral repeated 

loads

The soil surrounding a laterally loaded pile is subjected to a diversity o f  stress paths or 

stress fields. Since the strength and stress-strain behaviour o f  sandy soil are affected by 

stress levels/paths, it is important to identify and enumerate the stress paths traced in the 

soil surrounding a pile.

The soil-pile interaction can be described as going through four distinct phases during 

one complete cycle o f  two-w ay lateral loading. During the first quarter-cycle, as the 

magnitude o f  lateral load varies from a value o f  zero to a m axim um  horizontal load, the 

resistance to the monopile deflection is provided by the soil along the resisting side o f  the 

pile. This causes the soil to compress while the soil along the opposite side o f  the 

monopile is relaxed, however, it maintains its contact by flowing with the monopile, as 

dry sand was used in experimental work (a gap between pile surface and soil mass has 

been reported for clayey materials). When the load decreases to zero during the second 

quarter-cycle, the soil pressure along the opposite direction decreases to an active state. 

The cohesionless soil flows and prevents a gap from forming, thus maintaining contact 

with the pile surface. During the third and fourth quarter-cycles, loading direction are 

reversed and the monopile tends to deflect/rotate in the opposite direction to that during 

the first and second quarter; how ever the soil still maintains contact with the pile surface, 

as observed in the first two quarter cycles. O f  course, during the unbalanced two-way 

loading the compressive stress on the soil will be different on the opposite side o f  the 

model pile. During the one-way loading, only one side o f  the monopile applies 

compressive stress to the soil, and soil from the other side tends to flow in the loading 

direction to maintain its contact with the pile surface

Figure 5.16 shows the response o f  the two horizontal LVDTs on a qualitative basis under 

repeating lateral load cycles. From this figure, it can be observed that the curves 

representing the lateral deflection are quite smooth and no drift in deflection was 

observed during a particular test, however, rotation proceeded in steps o f  increments 

under the applied repeated lateral loads. This means that the rotational behaviour o f  the 

pile from its initial vertical alignment is composed o f  two distinct phases: (1) plastic 

deformation (rotation) and (2) elastic shake-down. Whereas the elastic shake-down is
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defined as a stabilised pile response after plastic deformations in the soil such that only 

elastic deformations occur in the soil with a further num ber o f  load cycles at same load 

amplitude.

Initially, plastic deformation was relatively higher when compared with the elastic shake- 

down portion o f  the curve for up to 500 load cycles, however, with the passage o f  time 

(number o f  load cycles) the shake-down portion prolonged and plastic deformations 

tended to reduce, although it never reached zero during the 6000 load cycles o f  the test. 

This mode o f  accumulation o f  the rotation o f  the pile can be termed/taken as progressive 

attenuation (Grabe and Duhrkop, 2008). This behaviour was observed during the whole 

experimental campaign irrespective o f  the loading characteristics. From the au thor’s 

perspective, this particular feature o f  the soil-p ile  interaction curve under repeated lateral 

loads may be due to the intrinsic properties o f  the sandy soil rather than a response 

generated due to repeated loading characteristics.

horizontal LVDT

ow er horizontal LVDT

Rotation o f  the monopile

.'000 4000
Number of load cycles 

Figure 5.16 Lateral deflection and rotation o f  the monopile
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O

5.8.2 Foritiation o f  conical depression and sand densification around the 
m onopile

Cheang and Matlock (1983); Brown el al. (1988) and Cuellar et al. (2012) have reported 

the formation o f  a subsidence zone (conical depression) in the sand around a monopile
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subjected to repeated cycles of lateral loads, even in the case o f  dense sand, in general, it 

can be noted that the shallow or upper layers of most natural sand deposits might not be 

so dense to reject the probability o f  additional densification. Grabe et al. (2005) have also 

shown the sand densification due to the pilehead lateral displacements through numerical 

simulations using advanced constitutive laws. For the current research, the sand 

subsidence in the shape o f  a curved conical depression around the monopile was observed 

under repeated cycles of lateral loads, irrespective of the loading characteristics. Due to 

the apparatus arrangement and experimental set- up for the repeated lateral load tests, 

continuous physical measurement o f  the sand subsidence was not possible, however a 

schematic view of the sand subsidence is given in Figure 5.17. The maximum diameter of 

the curved conical depression at the initial sand surface was noted to be in the range of 

approximately 200-300 mm (~ 3.75 to 5.6D), depending upon the loading amplitude and 

depth o f  up to 25 mm at the interface o f  the monopile, under two-way balanced loading. 

Unbalanced two-way and one-way loading tests produced an elongation of the subsided 

zone along the loading axis (i.e. an ovalisation), with a maximum diameter in the range of 

approximately 175-225 mm (= 3.25 to 4.25D).

! 1

Monopi

Figure 5.17 Subsidence o f  sand bed surface around the laterally loaded monopile: (a) 
isometric view for balanced two-way loading; (b) top view for balanced two-way 

loading; (c) isometric view for one-way or unbalanced two-way loading; (d) top view for
one-way or unbalanced two-way loading

This means that the extension o f  the densified region is significantly smaller for the one

way tests as compared with the two-way tests, which would be consistent with the 

observations made by Brown et al. (1988). The different trends are observed, possibly 

because of failure on the rear side o f  the pile, which in the case o f  one-way loading is

154



Chapter 5 Experim ental Investigations and ModeUing

induced by the free standing soil height and not by  the laterally applied load, as is the case 

on the passive side o f  the pile. According to experimental observations docum ented by 

Cuellar et al. (2012), the m axim um  diam eter o f  the curved cone o f  depression in saturated 

sand may be up to three tim es the diam eter o f  the pile (3D). However, it is worth 

m entioning that in their experimental work, the maximum value o f  the applied lateral load 

to the pilehead was limited to 27%  o f  the ultim ate lateral load-carrying capacity.

The cause o f  the progressive subsidence can be attributed to the grain rearrangement, and 

in general, the densification o f  the sand triggered by the p ile’s repeated lateral 

displacem ents (Cheang and M atlock, 1983). In addition to that, cyclic shearing o f  sand 

near the structure (the m onopile) causes net contraction, thereby producing a flow  o f  

material towards the pile and downward (Cuellar et al., 2012). During this research it 

was found that the conical shape o f  the subsidence zone was alm ost fully developed 

during the initial approxim ately 500 load cycles. Similar observations from model studies 

on the monopiles in dense sand have also been reported by Cuellar et al. (2012).

5.8.3 Stiffness of the soil-pile system

The most salient effect o f  repeated lateral loading on a pile foundation, in com parison to 

its static behaviour, is an increase o f  its deflection/rotation from its initial vertical 

alignment. However, contradicting interpretations in relation to stiffness occur in the 

literature, probably due to the discrepancy o f  term inology used in the existing literature. 

The term ‘stiffness’ has been used w ithout specifying whether it is meant to be the 

absolute secant, the tangent or the cyclic stiffness as illustrated in Figure 5.18.

M ore interestingly the term ‘stiffness’ has also been used to describe different things, such 

as: (1) the shear m odulus o f  the soil; (2) the macro mechanical load-displacem ent 

relationship to the foundation system; (3) the ratio o f  lateral earth pressure to pile 

displacem ent at particular depth i.e. subgrade modulus (Cuellar, 2011). The absolute 

secant stiffness, defined as the ratio o f  applied load to absolute displacem ent (at m icro or 

macro level), will always have a decreasing (or degrading) trend, and such ‘degradation’ 

has no physical significance when evaluating the dynamic behaviour o f  the soi 1-structure 

system under repeated loading. On the other hand, the cyclic stiffness may replicate the 

actual state o f  the so il-structure  system more precisely, particularly when its dynamic 

behaviour is under consideration.
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/  Initial tangent stiffness

'yclic stiffnessAbsolute 
.secant stiffiiess

Deflection or 
rotation

Figure 5.18 Cyclic response of a laterally loaded pile with decreasing secant stiffness and
an increasing cyclic stiffness

Figure 5.19 shows that the cyclic stiffness o f the soil-pile system, in general, increases 

with the number o f load cycles under a range o f loading schemes based on load 

amplitude, loading frequency and loading direction. The cyclic stiffiiess under one-way 

cyclic loading is greater than that under two-way (balanced or unbalanced) cyclic loading. 

For instance, where load cycles were applied at a load amplitude o f 40 N under one-way 

loading (lw/40/0.25), the cyclic stiffness increased from 300 to 475 N/mm, i.e. a 57% 

increase; between the 100‘*’ and 6000'*  ̂ load cycle and at loading scheme lw/60/0.25 (load 

amplitude o f 60 N) the corresponding increase was 62%. An almost similar trend was 

observed for the other loading schemes as shown in Figure 19 (a) and (b).

For the two-way loading (balanced or unbalanced) the resultant change was from 100 to 

300 N/mm i.e. 200% for almost all the loading schemes shown in Figure 5.19 (c). This 

means that the global dynamic behaviour o f the OWT structure may be more sensitive 

under two-way loading (balanced or unbalanced) when compared with that under one

way loading. However, the cyclic stiffness under two-way loading tends to stabilise afiter 

2000 load cycles, whereas cyclic stiffness under one-way loading has an increasing trend, 

even up to the 6000* load cycle.
156



Chapter 5 Experimental Investigations and Modelling

600

?  500 
S
Z  400

C /2

I  300 

200o

U 100

c/3(Z)

400

300

200 1

J
--------^ ^

lw/40/0.10
- -^ lw /4 0 /0 .2 5
1 lw/40/0.40
1 lw/50/0.25

100
Number o f load cycles 

(a)

10000

600

^  500 
E
Z  400
C/2

" 300

lw/60/0.10200_o

U  100
^ lw /6 0 /0 .2 5

^  lw/60/0.40

10000100
Number o f load cycles 

(b)

.y 100 g

U

B 2W/40-40/0.25

2w/60-60/0.10

— •— 2W/60-60/0.25

2W/33-50/0.25

■  - 2W/30-60/0.25

— e — 2w/30-60/0.40
------ 2W/30-60/0.25

100
Number o f load cycles 

(c)

10000

Figure 5.19 Change in cyclic stiffness o f the soil-pile system due to repeated loads: (a) 

and (b) under one-way loading; (c) under two-way balanced or unbalanced loading
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5.8.3.1 Discussion of results

It is difficult to assess the change in stiffness by only measuring the displacement. The 

change in stiffness, however, is easily determined through the change in cyclic stiffness 

derived from the load-displacement curve. The experimental observations presented in 

Figure 5.19 are not consistent with the existing pile design philosophy applied within the 

frame o f the p -y  curve method (Matlock, 1970), which involves a less stiff p -y  

relationship, and the API (2010) or DNV (2011) formulae, recommends a stiffness 

reduction factor (=0.9) to account for the cyclic effects, irrespective o f the loading 

characteristics.

Under repeated loading, stiffness degradation o f the soil-pile system has been reported by 

Achmus et al. (2009), while Peng et al. (2006), Rosquoet et al. (2007), LeBlanc et a l 

(2010), Bhattacharya et al. (2011) and Cuellar (2011) suggested that the foundation 

stiflFness actually increases with the number o f load cycles. LeBlanc (2009), Bhattacharya 

and Adhikari (2011) and Cuellar et al. (2012) have suggested that the stiflFness increases 

occurs as a result o f densification of the soil next to the pile.

This behaviour o f the soil-pile system may adversely affect the perfonnance o f the OWT. 

For instance, an increase in the cyclic stiffness o f the soil-pile system could increase its 

natural frequency o f vibration, which might lead to the phenomenon o f resonance in 

which the forcing frequency and the natural vibration frequency o f the system coincide. 

This can cause enhanced deflection/rotation o f the monopile, which in turn may lead to 

rapid wear and tear o f the on-board machinery and also structural failure in some cases 

(Adhikari and Bhattacharya, 2011). In the case o f a strain-hardening site (such as a loose 

to medium-dense sandy site), the natural frequency o f vibration is expected to increase, 

and for a strain-softening site (such as a normally consolidated clay), the natural 

frequency o f vibration will decrease. In the case o f saturated soils under undrained 

loading conditions, cyclic stiffness degradation is expected due to the accumulation of 

pore water pressure.

Therefore, for a particular structure, the location o f its 1̂ ' natural frequency o f vibration 

within the zone of ‘wanted frequency’ is also important. For instance, in the case o f the 

strain-hardening site, the natural frequency o f vibration should be designed/selected 

close to the lower limit o f the zone o f ‘wanted frequency’. This means that with the
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passage o f time the stiffness of the soi 1-structure system will increase, but it would still 

be expected to remain within the zone o f ‘wanted frequency’ (see Figure 2.12). For the 

strain-softening site the reverse situation is expected; thus the natural frequency of 

vibration should be designed/selected close to the upper limit o f the zone o f ‘wanted 

frequency’.

5.8.4 Variation in lateral soil resistance (LSR) and point of rotation of the monopile

The values o f the bending strains were also measured along with the embedded length o f 

the monopile during the series o f repeated lateral load tests. However, the value o f the 

bending strain remained very small, or only showed a very small increase up to 6000 of 

load cycles. This experimental evidence confirms the rigid body (monopile in this case) 

rotation and not the bending, which is usually expected in the case o f long/flexible piles.

The bending moment and the values o f LSR were calculated in accordance with Equation 

5.5 and 5.6. As presented in Section 5.7.2 o f this chapter, the shape o f the LSR profile and 

hence values o f LSR along the embedded length of the monopile substantially/basically 

depend on the degree o f polynomials used to fit the bending strain data in a curve. 

Sample results obtained for LSR profiles based on the 4^ order polynomial functions of 

the bending strain data are presented in Figure 5.20 (a). On comparing the sample results 

o f Figure 5.20 with the options presented in Figure 3.3 o f Chapter 3, it can be concluded 

that the experimental results follow the profile pattern suggested by Adams and 

Radhakrishna (1973); Chari and M eyerhof (1983); Joo (1985); M eyerhof and Sastry 

(1985) and Prasad and Chari (1999).

The point o f rotation o f the monopile along its embedded length was estimated for the 

given repeated lateral loading conditions. For this purpose the trigonometric relationship 

between similar triangles was employed for the readings o f the two horizontally mounted 

LDVTs and the vertical distance between them. Sample results are given in Figure 

5.20(b), which illustrate that the point o f rotation of the monopile fluctuated within the 

range o f 275-325 mm along its embedded length from the sand bed surface. This range o f 

fluctuation o f the point o f rotation o f the monopile closely matches with point o f reversal 

o f the LSR under diflferenet loading schemes, as shown in Figure 5.20(a).

159



Chapter 5_________________________________ Experimental Investigations and ModelHng

Lateral soil resistance (N/mm)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

- lw/40-0/0.10

--A-- lw/60-0/0.25
100 - ^  lw/60-0/0.40
150 ■*—  2W/40-40/0.2500

200 1
■ V  §■

350 -

(a)

lw /40/0.10

4000

lw/60/0.25

4000

1 w/60/0.40

4000

2w/40-40/0.25

T  I-------------------- 1------------------- 1-------------------- 1-------------------- 1-------------------- 1------------------- 1--------------------1-------------------- 1-------------------- 1------------------- 1-------------------- 1

O 2000 4000 -SOOO

Number o f load cycles

(b)

Figure 5.20 Variation o f (a) LSR profile and (b) point o f rotation o f the monopile along

its embedded length
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5.9 Effects of different load cycle characteristics on the pile’s rotation

Repeated lateral load tests were carried out in order to model a m onopile subjected to 

environm ental loading. The increase in displacem ent/rotation with the increase o f  load 

cycles remained the main feature to be determined. The experimental results are 

presented in Figures 5.21 and 5.23 in terms o f  the p ile’s rotation from its initial vertical 

alignm ent against the num ber o f  load cycles applied. The same pile, em bedm ent depth 

and sand bed preparation method were used for all o f  the tests. The experimental data are 

discussed below in terms o f  the effects o f  loading direction, amplitude and frequency. 

Since the test pile was closed-ended and experienced no vertical loading other than self

weight, its vertical settlem ent remained a small fraction o f  one m illimetre in m ost o f  the 

cases considered, even after 6000 cycles o f  lateral loading. Different characteristics o f  the 

load cycle have been defined in term s of;

(a) Loading direction

(b) Load amplitude

(c) Loading frequency

5.9.1 Effect of loading direction

As m entioned earlier, four different loading directions were considered, namely: (1) one

way; (2) partial one-way; (3) balanced two-way and (4) unbalanced two-way. Each o f  the 

unbalanced two-way and partial one-way loadings were further classified into two 

subdivisions depending upon the sm aller load amplitude. Figure 5.21 (a) and 5.21 (b) 

considers the same load amplitude o f  60 (serviceability lim it state) and 50 N respectively, 

and indicates that the m easured angle o f  pile rotation under unbalanced tw o-w ay loading 

was significantly greater compared with balanced two-way or one-way loading.

5.9.1.1 Analysis of data and discussion of results

Figure 5.21 (a) shows that at the end o f  500 load cycles, unbalanced tw o-w ay loading 

produced 365% and 75% greater rotation com pared with one-way and balanced two-way 

balanced loading, respectively. The corresponding percentages for the 6000‘̂  load cycle 

were 335% and 65%. Similarly, Figure 5.21 (b) at loading frequency o f  0.25 Hz shows 

that at the end o f  500 load cycles, unbalanced tw o-w ay loading produced 180% and 75% 

greater rotation compared with one-way and balanced two-way loading, respectively. The 

corresponding percentages for the 6000*'^ load cycle were 120% and 70%.
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Figure 5.21 Effect of loading direction on the monopile rotation for the same load

amplitude of: (a) 50 N; (b) 60 N

For the in-depth analysis of the effect of loading direction of the accumulated rotation of 

the monopile, a new term "loading direction impact factor (LDIF)’ is introduced. The
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LDIF is intended to provide a quick measure o f the effect o f loading direction on the 

monopile rotation at a certain reference loading frequency (LF) and load amplitude with 

reference to a certain loading direction. LDIF is defined in Equation 5.7, whereas the 

higher absolute value o f LDIF would be indicating higher effect o f the LF.

LDIF =

{Rotat i on o f  the monop i l e )  fixed i f  ,N ,l,f)f,~i^°tation o f  the  monop i l e  dur ing r e f e re n ce  tes t )  fixed 

{Rotat i on o f  the monop i l e  dur ing  r e f e r e n c e  t es t )  fixed LF.N. ĥ),

..........................................................................................................................................................(5.7)

For this study, the repeated lateral load tests conducted at loading frequency (LF) = 0.25 

Hz under one-way loading, for which (cc — 0 (defined in Table 5.2) and two different 

values o f (0.38 and 0.31) are taken as reference tests, is shown in Figure 5.22.

In Figure 5.22 (a), a repeated lateral load test conducted at =  0.31 (corresponding to 

load amplitude o f 50 N) is taken as a reference data set. This figure shows that LDIF 

remained highest, in the range o f 3.25 to 3.6, for unbalanced two-way load tests 

conducted at (cc ~  ~0 .5  and lowest for partial one-way load tests conducted at ^^c — 0-3■ 

However, the values o f the LDIF remained positive for all five data tests considered in 

comparison.

In Figure 5.22 (b), a repeating lateral load test conducted at =  0.38 (corresponding to 

load amplitude o f 60 N) is taken as a reference data set. This figure shows that LDIF 

remained highest, in the range o f 1.4 to 1.9, for unbalanced two-way load tests conducted 

(cc =  —0.5 and the lowest for partial one-way loading conducted at =  0-5- The 

negative values o f LDIF indicate that partial one-way loading at ^^c — 0-3 and 0.5 is not 

as detrimental for the long-term behaviour o f  the monopile under repeated lateral loads 

when compared with unbalanced two-way loading.

This experimental finding that worst loading Scenario is observed at =  “ 0-5 closely 

matches with experimental observations documented LeBlanc (2009), LeBlanc et al. 

(2010) and in general supports the experimental investigations by Peng et al. (2006), and 

Zhu et al. (2013). However, it opposes the findings o f Little and Briaud (1988), Lin and 

Liao (1999), Long and Vanneste (1994), and more recently Klinkvort and Hededal 

(2013), who are all o f the view that one-way loading is more critical when assessing the 

behaviour of the monopile under repeated lateral loads.
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Figure 5.22 Values o f the LDIF for the tests conducted at: 
(a) Cbi, =  0.31; (b)Cbb =  0.38
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5.9.2 Effect of load amplitude

Three different values o f load amplitude; 40, 50 and 60 N were investigated under a range 

o f loading frequency and loading direction. Experimental results for one-way and two- 

way loadings are shown in Figure 5.23 (a) and 5.23 (b) respectively. Overall, these figures 

indicate that, for a fixed loading direction and frequency, the pile rotation is significantly 

dependent on the load amplitude (LA), particularly for one-way loading.
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Figure 5.23 Pile rotation at different load amplitudes and frequencies: (a) under one-way 

loading; (b) under balanced two-way loading
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5.9.2.1 Analysis of data and discussion of results

Figure 5.23(a) shows that at LA o f 40 N the pile’s rotation at the 500'*̂  load cycle is 0.1 

degree and at LA o f 60 N this value is 0.7 degree (at LF o f 0.1 Hz) i.e. an increase by 

600% when LA increased by 50% (i.e. from 40 to 60 N), while the corresponding 

increase remained limited to 100% for balanced two-way loading, as depicted in Figure 

5.23 (b). Certainly during the initial few tens o f load cycles this difference in rotation can 

not be much higher.

At the 6000*'  ̂ load cycle, the respective percentages were 400% and 80%. Based on the 

calculated gradients o f the data plots between 2000 and 6000 load cycles in Figures 5.23 

(a) and (b), it can be interpreted that the sand surrounding the pile tended to reach the 

elastic shakedown state more rapidly for the lower LA of 40 N as compared with 60 N.

To provide a more systematic analysis o f the effect o f load amplitude on the accumulated 

rotation o f the monopile under long term repeated lateral loads, a new term, named ‘load 

amplitude impact factor (LAIF) ’, is introduced, which compares the effect o f load 

amplitude at a certain (reference) loading frequency (LF) and the load cycle character 

defined by LAIF is defined in Equation (5.8) as:

L A I F  =
( R o t a t i o n  o f  t h e  m o n o p i l e )  f i x e d  l f .n , ^ cc ~ { f ^ o t a t i o n  a f  t h e  m o n o p i l e  d u r i n g  r e f e r e n c e  t e s t )  f i x e d  l f ,n , Ccc 

( R o t a t i o n  o f  t h e  m o n o p i l e  d u r i n g  r e f e r e n c e  t e s t ) f i x e d  l f ,n ,

..........................................................................................................................................................(5.8)

For Figure 5.24, a reference data set is taken from the test conducted at LF o f 0.25 Hz 

with ( 1, 1, = 0.28, while three different values o f (“  0̂  -0 .5 , -1 .0) were considered. 

This figure shows that a noticeable effect o f load amplitude occurred under one-way 

loading (^^c =  0) when load amplitude was increased from 50 N (<̂ j,b “  0.31) to 60 N 

i(bb ~ 0-38), giving a LAIF value o f approximately 3. On the other hand, the value o f the 

LAIF remained limited to 0.5 when the value o f was raised from 0.25 to 0.31.

For — “ 0.5, the value o f the LAIF was approximately equal to 1, i.e. a 100% increase 

occurred in the accumulated rotation of the monopile on a 50% increase in the load 

amplitude (from 40 N to 60 N), while the corresponding increase in the accumulated 

rotation remained below or limited to 50% when load amplitude was increased from 40 N
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to 50 N. For balanced two-way loading (i.e. the value o f LAIF fluctuated

within a range o f 0.6 to 0.7 when load amplitude was increased from 40 N to 60 N. The 

value o f  LAIF persisted in the range o f 0.15 to 0.35 for the increase in load amplitude 

from 40 N to 50 N. From this analysis, it can be concluded that load amplitude 

substantially affects the accumulated rotation o f the model pile (monopile) under repeated 

lateral loads, even when load amplitude fluctuated in the range o f fatigue and 

serviceability limit states; o f course loading direction is also an important factor.
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Figure 5.24 Effect o f load amplitude in tenns o f LAIF for the tests conducted at ~  O5 

-0 .5 , -1 and at a loading frequency o f 0.25 Hz

5.9.3 Effect of loading frequency

Repeating lateral load tests were carried out at three different levels o f loading frequency 

(LF), corresponding to 0.1, 0.25 and 0.4 Hz as shown in Figure 5.21(b), 5.23(a) and 

5.23(b). ‘Tim e-loading’ history graphs for different loading scenarios are given in 

Appendix G, w'hich confirms that during a particular loading scenario the applied load 

amplitude remained constant during the test. This observation confirms that different 

levels o f the LF are the only variable o f the applied testing programme at a particular load 

amplitude and loading direction. In the existing literature, it is usually deemed that LF 

has no effects on the repeating load behaviour o f sandy soil in dry condition, especially 

when inertial effects are not considered.
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5.9.3.1 Analysis of data and discussion of results

In relative terms, the effect of LF was more pronounced for the lower LA of 40 N 

compared with 60 N, particularly for one-way loading. For example, between the 500 and 

6000 load cycles under one-way loading, the pile rotation for 0.4 Hz was approximately 

75% greater when compared with 0.1 Hz (Figure 5.23 (a)). At the higher LA of 60 N, the 

corresponding figure was approximately 15%. Under balanced and unbalanced two-way 

loading, the respective figures were approximately 25% and less than 10% (Figure 5.21 

(b)). The increase in pile rotation did not increase proportionally with LF; i.e. the LF 

increments from 0.1 to 0.25 Hz and 0.1 to 0.4 Hz produced increases in pile rotation of 

40%) and 60% respectively (Figure 5.23 (a)). The effect of LF is further investigated by 

introducing a term, ‘loading frequency impact factor (LFIF) which is defined by 

Equation 5.9 as:

LFIF

{Ro ta t i on  o f  the  m ono pi l e )  “  ( R ot a t i on  o f  the  mo no p i l e  d u r i n g  r e f e r e n c e  test^fi^ed N.Ccc.Cbt

( Ro t a t io n  o f  the  mo no p i l e  d u r i n g  r e f e r e n c e  test)fixedN,^cc^bb

................................................................................................................................................. (5.9)

In Figure 5.25, reference data are taken from the tests conducted at LF of 0.1 Hz. Figure 

5.25 (a) considers the tests conducted under one-way loading at two different LA of 40 N 

(<Tbb=o .25) and 60 N (^ bb ~ 0.38 ), while in Figure 5.25 (b), tests conducted under two- 

way loading (balanced and unbalanced) were considered.

In Figure 5.25 (b), the value of LFIF remained below 0.2 between the 500‘*̂ to 6000* load 

cycles, so it can be interpreted that under two-way loading, the increase in pile rotation 

was considerably lower in response to the increase in LF. Furthermore, for unbalanced 

two-way loading, the value of LFIF remained almost zero, implying that the LF may have 

a negligible effect on the pile rotation response.

In the existing literature, the effect of LF on accumulated pile rotation (deflection) is not 

clear. The experimental findings presented herein are in broad agreement with Peng et al. 

(2011), who reported that up to a certain limit of LF and for a given LA, the pilehead 

rotation substantially increased in conjunction with LF. Other researchers (Kagawa, 

1986, Giannakos et a l,  2012) have reported that at higher LF, the surrounding soil 

becomes stifTer and hence lower deformations are expected under long-term repeated
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lateral loads. From the author’s perspective, the effect o f LF on the long-term behaviour 

o f a monopile that is subjected to repeated lateral loads cannot be simply ignored, even 

though the monopile (structure) is installed in dry sand and inertial effects, in particular, 

are not being considered.

LF,2

-^ 0 .2 5  Hz 0.25 
■^0.25 Hz 0.38 
• - 0 .4  Hz 0.25 
& -0.4HZ 0.38

8
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0.4

0.2
- o —

0
0 2000 4000 6000 8000

Number of load cycles 
(a)
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1 . 1
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unbalanced two-way loading {
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Figure 5.25 Effect o f loading frequency in terms o f LFIF: (a) under one-way loading; (b)

under two-way loading
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5.10 Experimental model for the estimation of a pile’s rotation under repeating 

lateral loads

In this Section a simple experimental model is presented, which is intended to estimate 

the lateral rotation o f the monopile under long-term repeated lateral loads, with due 

consideration to the limitations and complexities o f such existing experimental models as 

discussed in detail in Chapter 3.

In Section 5.9, (i,/, have been found as being amongst the most important and

influential parameters used to describe the long-term behaviour o f the monopile in terms 

o f its accumulated rotation under repeated lateral loads. Additionally, it was found that the 

initial few load cycles substantially contribute to the total accumulated rotation, which 

occurred at the end o f many thousands o f load cycles (6000 for this study). This 

observation implies that the whole curve for all the number o f ‘load cycles-rotation’ 

cannot be described with a single formulation while ensuring reasonable accuracy. 

LeBlanc et al. (2010) have suggested the following bifurcating expression to describe the 

total accumulated rotation o f the monopile:

= 001 +  A0(A/).................................................................................................................(5.10)

where 6f̂  is the rotation after N  number o f load cycles; 0qi 's the rotation during the 1̂* 

cycle, and it is assumed that this value is equal to the rotation that would be experienced 

in a monotonic test at the load amplitude that is equal to the maximum cyclic load during 

cyclic loading.

The tests conducted at a loading frequency (LF) o f 0.25 Hz were considered for the 

development o f an experimental model under consideration. This value o f LF corresponds 

to the frequency o f the fatigue loading caused by ocean waves (De Vries, 2007), and if 

scale effects are considered, this LF almost corresponds to the energy-rich wind 

turbulence acting on offshore structures in the North Sea (LeBlanc, 2009). However, the 

satisfaction o f such frequency scaling conditions for similarity in granular soils is not easy 

(Dong et a l,  2001; Bhattacharya et a l,  2011), especially for a complex problem such as 

offshore wind turbines (OWTs), where different aspects such as dynamic loading, soil- 

structure interaction and fluid flow around the foundations may be simultaneously in 

action. For the current study, two potentially promising options o f curve fitting, namely: 

‘logarithmic law ’ (Equation 5.11) and ‘power law’ ’ (Equation 5.12) were analysed for the
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data sets comprising ^  ;v. Sample results o f regression analysis are shown in

Figure 5.26, which simply shows that the ‘logarithmic la w ’ captures the accumulation o f 

the pile’s rotation with higher accuracy when compared with the results obtained through 

the 'power law The power law has shown reasonable accuracy only for the partial one

way loading scenario; for the other loading scenarios, it was found to be markedly

where a^, /J^and /?n are the model parameters.

Regression analysis is considered as a standard technique to generalise the model 

parameter with different influence parameters affecting the behaviour o f the monopile 

(LeBlanc, 2009; LeBlanc et al., 2010; Klinkvort and Hededal, 2013 and Zhu et al., 2013). 

On the basis o f regression analysis, the model parameter was generalised as a fijnction 

o f ^cc ~ snd the model parameter as a function o f (i,b =  ̂ illustrated in
Pmax

Figures 5 27(a) and 5.27(b) respectively.

This additive approach in Equation 5.11 for the pile rotation was especially intended for 

the following reasons:

(a) To keep the calculation errors to a minimum level, as they may be intolerably 

high in the case of a multiplicative approach if either o f the parameters is 

wrongly estimated.

(b) To capture the response o f the initial few cycles with reasonable accuracy, 

which was found to be substantially dependent on

(c) The multiplicative approach (a^ /?i) has yielded a lower value o f coefficient 

o f determination for data sets analysed in the current study, i.e., a methodical 

relationship between and ( 1, 1, or could not be established.

inaccurate, underestimating rotation up to the 2000^'’ load cycle, and then overestimating 

rotation up to the 6000^'’ load cycle.

(5.11)

A0(N) (5.12)
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Figure 5.26 Normalised accumulated rotation under various loading scenarios: (a) 
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5.10.1 Reliability of the predictive model

A good and reliable correlation is evaluated in terms o f standard error o f estimate (SEE) 

and is interpreted in the same way as the standard deviation. The standard deviation 

indicates how spread out a distribution o f a parameter/variable is with respect to the 

distribution mean while the standard error o f  estimate indicates how spread out 

parameter/variable are with respect to their measured values (Sheskin, 2004) i.e. SEE is a 

measure o f the accuracy o f predictions made on the bases o f a predictive model 

(regression line) as defined below:

SEE =  (5.13)

where Y is the measured value o f the variable; Y is the estimated value o f the variable 

through predictive model and n is the number o f data points used in the comparison.

Higher values o f SEE relate to poor reliability o f the predictive model. Another measure 

to provide a standardized measure o f fit or reliability o f the predictive model is termed the 

‘relative standard error o f estimate (RSEE)’ which is obtained by divided the SEE by the 

mean value o f the output variable and usually expressed as a percentage (Mujtaba et al. 

2014). Table 5.3 shows the range and average values o f the SEE and RSEE 

corresponding to different values.

Table 5.3 Values o f  SEE and RSEE for different values o f

(bb SEE (degree) Mean SEE (degree) RSEE (%)

0.25 0.0366 to 0.0555 0.0462 13.56

0.31 0.0939 to 0.1728 0.1121 13.4

0.38 0.0732 to 0.1498 0.1055 10.20

Figure 5.28 represents a comparison between experimentally measured value and 

predicted values (using Equations 5.10 and 5.11) o f rotation o f the monopile under a 

range o f repeated lateral loads. From this figure it can be inferred that 95% data points fall 

within the limits o f SEE, irrespective o f the value o f The upper and lower limts for 

the SEE have been drawn along the 45° line (1:1 line) on the graph as shown in Figure 28.
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5.10.2 Discussion of the new model

During the whole o f the experimental programme, it was found that net accumulated 

rotation occurs even when balanced two-way loading is applied, irrespective o f the LA 

and LF. In fact, the direction o f the 1̂ ‘ quarter o f a two-way load cycle decides the 

direction o f net accumulated rotation. This particular aspect is not evident in the model 

presented by LeBlanc et al. (2010), which shows that there will be no accumulated 

rotation in the case o f balanced two-way loading. Figure 5.27(a) captures the likely 

behaviour o f the monopile under repeated lateral loading because it depicts that 

accumulated rotation will occur (a^ ^  0) even when balanced two-way loading is applied, 

which is a realistic approach. Figure 5.27(b) represents a linear relationship between 

and (hi,, at approximately 45°, which is also a convincing option because if ~  0̂  then 

rotation o f the monopile cannot be expected. The experimental model used in this 

research is based on a single value o f relative density o f the sand beds; however, from the 

author’s perspective, the basic framework o f the model should be checked for other 

values of the relative densities o f sand beds.

5.11 Summary of the chapter

A programme o f lateral load tests, mostly involving 6000 load cycles, was performed on 

‘wished in place’ rigid monopiles installed in dense sand beds. These tests were 

performed at three different values of load amplitudes 40, 50 and 60 N, where the lowest 

one corresponds to the fatigue and the highest one corresponds to serviceability limit 

states, in the present investigation. The experimental programme was carried out using a 

novel load controlled electromechanical loading rig developed during the PhD research 

work. From the soil-pile interaction, the following trends were observed from the 

experimental results/data:

(a) The curves representing the accumulated rotation against the number load 

cycles, show that rotation proceeded in incremental steps under the applied 

repeated lateral loads. It means that the rotation o f the pile from its initial 

vertical alignment did not proceed continuously, but in two distinct phases: 

(1) plastic deformation (rotation) and (2) elastic shake-down. However, the 

rate at which rotation occurred decreased with number o f load cycles, but did 

not reach zero.

(b) From the test results it was observed that, the pile behaviour was consistent. 

No abrupt failure was observed, but rather a progressive attenuation of the
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incremental rotation occurred. This behaviour was observed in all tests, 

including those with 16000 load cycles. This feature contradicts the behaviour 

reported by many researchers including Jardine and Standing (2000) and 

Schwarz (2002) that piles under cyclic axial loads, reduction in shaft friction 

can lead to a brittle (sudden) failure..

(c) A curved conical depression zone in the dry sand developed around the pile 

when it was subjected to repeated lateral loads irrespective o f the loading 

characteristics.

(d) The cyclic stiffness of the soil-pile system was found to increase irrespective 

o f the loading characteristics. However, under two-way loading this increase 

tended to stabilise as the number o f load cycles increased. The design 

engineer should be careful o f the soil hardening produced by such 

densification because it may modify significantly the eigen-frequencies o f the 

foundation, and hence introduce relevant changes in the dynamic behaviour of 

the turbine in the long-term. This may have severe consequences for the 

turbine operational thresholds even if resonance phenomena do not occur.

(e) Lateral soil resistance as derived from the bending strain data was found to be 

highly sensitive to the numerical value o f bending strain recorded and the 

degree o f the polynomial used to describe its variation along the embedded 

length o f the monopile.

From the series o f tests performed, it was found that the characteristics o f the repeated 

lateral load tests were more pronounced for the model pile’s fatigue limit state than its 

serviceability limit state. Considering the load cycle characteristics, the following trends 

were observed from the experimental data;

(a) Two-way loading produced significantly greater rotation o f the pile from its 

initial vertical alignment compared with one-way loading.

(b) For two-way loading, unbalanced loads produced greater pile rotation than 

balanced loads.

(c) The higher LA o f 60 N produced significantly greater pile rotation, 

particularly for one-way loading.

(d) The effect o f loading frequency was not as significant as loading direction or 

LA.
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A new predictive method to estimate the pile’s accumulated rotation due to many 

thousands o f load cycles is presented for dense sand beds which takes into account the 

different characteristics o f the applied load cycles efficiently. However, further 

experimental and numerical studies are recommended to verify the basic framework of 

the proposed model at other values o f the relative density.
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6 Improved Performance of Monopiles with Ring-Arm 

Arrangement and Small Diameter Piles

6.1 Introduction

The lateral load-carrying capacity o f a pile depends upon its geometry (dimensions), the 

soil properties where it is installed, and the type o f loading; therefore, to improve the 

capacity it is necessary to change the properties o f the near surface layers o f soil or to 

change the pile geometry. To this end, this chapter presents experimental studies on two 

different novel techniques to limit the lateral rotation o f monopiles under long-term 

repeated lateral loads applied to the monopile head at normal gravity conditions (1^). 

Section 6.2 provides the background information on different innovative methods in a 

general perspective, as the subject matter has not been covered in Chapters 2 or 3 o f this 

thesis. Section 6.3 explains the first technique developed during this research work, 

which relates to the modification o f the monopile geometry at ground (sand) surface 

level through the use o f a unique 'ring-arm (RA) ’ arrangement in conjunction with four 

small diameter piles (SDPs). Different aspects o f this modification, including its 

fabrication and installation to the monopile head are discussed in detail. Furthermore, its 

efficiency is evaluated through a comprehensive testing programme. Section 6.4 describes 

the second technique, which explores the possible use of the SDPs when installed around 

the monopile in dry sand. The summary of this chapter is presented in Section 6.5.

6.2 Background information

Different types o f foundation systems to support offshore wind-turbines (OWTs) have 

been discussed in detail in Chapter 2. The most popular OWT foundation solution is a 

single pile (or monopile) with a typical maximum diameter, when bored or driven, o f 

approximately 5 m. The lateral and rotational stiffness provided by such a pile is not, 

however, likely to be sufficient to support the new generation o f larger wind-turbines; 

thus, a range of different foundation solutions or modification for the monopiles are being 

examined by different researchers.
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6.2.1 Increasing lateral load-carrying capacity o f a pile by changing its 

geometry

A pile with wings is a newly developed type o f pile foundation that is capable o f 

supporting the larger lateral loads. Modification o f the conventional monopile geometry 

by attaching 'wings' close to the pilehead, to increase its lateral stiffness and capacity in 

weaker soil (close to the surface), has been investigated by many researchers. The 

concept of winged piles was developed by P ro f Grabe at Hamburg University o f 

Technology (Deutsches Gebrauchsmuster, 2005).

Duhrkop and Grabe (2008) investigated the effectiveness o f different shapes of wings 

attached to the monopile through small scale tests in sand. They found that different 

shapes of wings can increase the ultimate lateral load-carrying capacity of the 

conventional monopile by up to 60%. A comparison of the deformation at the same level 

o f loading shows a reduction o f up to 65% (see Figure 6.1). The effectiveness o f the 

wings depends mainly on the combination o f the stiffness of the pile shaft, wings, and the 

soil. In the case o f stiff soil, the stiffness o f the wings has to be higher than that in weak 

soil in order to achieve the same benefit. Grabe and Duhrkop (2009) developed a 

procedure to account for wings in common design methods, which includes guidance on 

the location and design o f the wings.

Peng et al. (2011) performed small scale tests on a regular monopile and three winged 

model piles with different wing lengths. They used dry sandy soil with a relative density 

value of approximately 71.7%, and applied 10000 load cycles in each test in the lateral 

direction. The variables applied in the study were loading frequency, direction, the 

magnitude o f load, and the type o f pile tip. The efficiency o f the wings under repeated 

loading was related to the vertical displacement, the number o f cycles, and the pile head 

load~displacement curves. The results show that wings reduce the lateral displacement by 

at least 50% provided they are at least half the length of the regular pile. Peng et al. 

(2010) have also shown the effectiveness o f the wings attached to a regular monopile 

through a 3 -D  numerical study. The efficiency o f the winged piles was found to increase 

as the length o f the wings, however the increase was independent o f the loading direction 

relative to the wings.
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Figure 6.1 Effect of different types of wings on load-displacement curves o f the 

monopile (after, Duhrkop and Grabe (2008))

Bienen et al. (2012) presented results from a series of model tests, maintaining stress 

similitude with the prototype, in which the performance o f a pile with wings was 

evaluated and compared with that of regular monopiles. Increasing the effective pile 

cross-section by attaching wings close to the pile head is shown to reduce pilehead 

deflections by approximately 50%, when compared with a regular monopile without 

wings for the same load level. The stiffer initial response o f the winged pile also leads to 

smaller pilehead deflections under cyclic loading, although the relative rate o f 

accumulation o f deflection is similar to that o f a monopile.

Nasr (2014) investigated the effect o f wings on the performance o f laterally loaded piles

by running small scale model tests and numerical simulations using finite element

analysis. These piles were installed in sand o f different relative densities {Rd = 35% and

78%). The investigation was carried out by varying the length, width, shape o f the wings,

and type o f pile (Figure 6.2). Results reveal that there is a significant increase in lateral

resistance of the piles after mounting the wings close to the pilehead. For instance, lateral

deflection decreased by about 70% when the wing’s length was about 40% o f the regular
181



Chapter 6 Improved Performance o f Monopiles with Ring-Arm
Arrangement and Small Diameter Piles 

pile’s embedded length. When the wing’s width was equal to the regular pile’s diameter, 

the wing efficiency (reduction in lateral deflection) was 75% and 90% for short and long 

piles respectively. The increase in lateral resistance gained by placing the wings on a pile 

varies with the geometries of the pile and wings. When triangular wings were attached to 

the pilehead, the ultimate lateral load-carrying capacity o f the pile increased by about 

64%, and when it rectangular wings were used, the capacity was increased by 86%. At the 

same time, the lateral head deflection decreased by about 37% and 70% respectively. 

Therefore, using rectangular fins was found more effective in improving the lateral 

behaviour o f piles. In short, with the application o f wings, the length of a winged pile can 

be reduced relative to a regular pile and still manage to gain lateral resistance.

. W p  Dp Wp  W ■*>!* »l
, Wp Dp Wp
U— H

(a)

Model pile ■

(b)

Figure 6.2 Schematic dimensions of finned piles: (a) triangular wing pile; (b) rectangular
wing pile (after, Nasr (2014))

Note: For this figure. Dp is the pile diameter; Lp is the embedded length o f the pile; Wp is 
the wing width; Lp is the wing length; Tp is the thickness o f the pile wall; Tp is the 
thickness o f the wing wall.

Apart from the winged pile solution, another alteration for the monopile foundation has

been proposed, but not extensively investigated. This solution comprises a monopile

combined with a footing base, as illustrated schematically in Figure 6.3. This system is

especially intended for use with OWTs like those being considered for installation in the

North Sea. According to Lehane et al. (2014), the intended principle o f operation o f a

"piled footing ' is similar to that o f an embedded retaining wall with a stabilizing platform,
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as discussed by Powrie and Daly (2007). The overall performance of this hybrid

foundation system (piled footing) is improved by the following factors:

(a) As the pile tends to rotate under the action of the horizontal and moment 

loading, the development of bearing pressure on the underside of the footing 

imparts an additional restoring moment to the foundation system;

(b) The bearing pressure on the underside of the footing increases the vertical 

stresses in the soil in front of the pile. This increases the lateral stresses in 

front of the pile, and therefore also increases resistance to rotation;

(c) Shear stresses on the underside of the footing can provide resistance to the 

horizontal loads;

(d) If the footing is embedded to some extent, horizontal loads may also be 

resisted by the soil in front of the platform.

n

Figure 6.3 Schematic illustration of the ‘hybrid’ monopile-footing system (after, Arshi el

al. (2013))
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Initial tests on models o f piled-footings, carried out in the sand at were reported by 

Stone et al. (2007) with apparently promising results. Those studies suggested that the 

additional rotation restraint provided by the footing can result in a stiffer lateral response 

of the pile and greater ultimate lateral load-carrying capacity. The degree o f restraint at 

the pilehead was dependent on the size o f the footing, the initial contact between the soil 

and the footing, and the stiffness of the soil beneath the footing. Observations of heaved 

and displaced soil in front of the edge o f the footing also suggested that a degree o f 

passive soil resistance is likely to be generated under the lateral movement and rotation o f 

the footing.

More recently, \g  tests were conducted by adding skirts of different lengths to the piled- 

footings (Arshi el a l, 2013). The tests were conducted in the sand, and the results 

indicated that the presence o f the skirts contributed significantly to the lateral load- 

carrying capacity o f the system. The results show that adding skirts to the footing, and 

increasing the skirt length, tends to increase the lateral load-carrying capacity o f the 

foundation system by about 50% in comparison to a non-skirted hybrid system. It is also 

apparent that footings with very short skirts do not tend to show any ‘apparent" additional 

advantage to those without the skirt.

Lehane et al. (2014) performed a series o f centrifuge tests and 3-D  fmite-element (FE) 

analyses, which examined the benefits o f combining a footing with a monopile as a 

solution for foundations that are subjected to large moment loading, such as those used 

for OWTs. The experiments were canied out in silica sand and involved monotonic 

application o f lateral loads at an equivalent prototype height o f 26 m above the foundation 

level. Tests were conducted on piled-footings, monopiles, and un-piled footings.

These experimental results, together with the findings from the FE analyses, show that the 

footing interacts positively with the piled foundation and that both the rotational stiffness 

and capacity o f the combined piled-footing system is greater than the sum o f the 

individual contributions. They suggested that the increased capacity arises as the footing 

causes a significant reduction in moment loading on the pile, thus facilitating the 

application o f larger loads.
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6.2.2 Improving the bearing capacity of soil by densification and by providing 

lateral confinement

Coastal areas are characterized by ample loose sand deposits. These deposits are formed 

due to the actions of wind and water. Typically, they consist o f uniformly graded medium 

to fine sand. Such deposits offer very poor shear strength, and they often extend to great 

depths. This poses difficulties in providing shallow foundations for even light structures 

(Bergado et a l, 1994). To avoid the high cost o f deep foundations, ground improvement 

techniques are adopted. Loose sands are densified by employing several techniques. 

Densification may be achieved through sand piling, or by using vibroflots (Sivakumar et 

al., 2014). Jet grouting is another technique that can be adopted for important structures. 

However, these techniques are often not very cost effective or long lasting under tidal 

actions. El Swwaf and Nazer (2005) performed small scale tests to study the influence of 

soil confinement provided by confining cells (Figure 6.4) on the behaviour of a model 

footing resting on granular soil.

r r  *

rV~iy
’.V - -I

“ 1------
10

a

1. manual w inch
2. w inch  w ire
3. raining box
4. hydraulic jack
5. proving ring
6. m odel foo tin g
7. plastic cell
8. soil
9. test tank
10. loading fram e

Figure 6.4 A schematic view o f the experimental apparatus to study the influence o f soil 

confinement provided by confining cells (after, El Swwaf and Nazer (2005))
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The studied parameters included the cell height, cell diameter, the depth to the top o f the 

cell, and the embedded depth o f the footing. Initially, the response o f a unconfined model 

was determined and then compared with that o f confined soil. A schematic view o f the 

experimental apparatus is shown in Figure 6.4. They concluded that soil confinement has 

a significant effect on improving the behaviour o f a circular footing supported on granular 

soil. The ultimate load-carrying capacity was found to increase by a factor o f 17 

compared to the unconfined model. This increase in the bearing capacity was, however, 

found to be highly dependent on the ratio o f the diameter o f the footing to that o f the 

confining cell, the height o f the confining cell, and the depth o f placement o f the footing. 

Nevertheless, soil confinement could be considered as a method to improve the bearing 

capacity o f isolated footings installed in medium to dense sand.

Eid et al. (2009) studied the behaviour o f shallow foundations resting on laterally 

confined sand using small scale tests and numerical modelling. They used similar 

experimental apparatus as El Swwaf and Nazer (2005), however, their tests were 

conducted on a square foundation model and confinement of the sand was provided by an 

open-ended steel box-section. They concluded that the sand's lateral confinement, due to 

the existence o f the walls o f the open-ended steel square block, enhanced the foundation's 

bearing capacity and reduced the settlement o f the shallow foundation. The level of 

enhancement o f the bearing capacity, or reduction in settlement, rises when the wall depth 

to foundation width ratio increases and the sand’s relative density decreases. However, 

the bearing capacity is insensitive to the foundation’s embedment depth.

Azzam and Nazir (2012) have also reported similar observations o f the reduction o f 

settlement o f the model footing when confined in a circular steel cell resting on saturated 

sand.

Small diameter piles (SDPs), commonly known as micropiles, have been used for 

structural support and less frequently for in-situ reinforcement. Structural support 

includes new foundations (Juran et a l. 1999; Alsaleh and Shahrour, 2009), underpinning 

o f existing foundations (Ousta and Shahrour, 2001), seismic retrofitting applications 

(Russo, 2004; Sadek and Shahrour, 2004) and earth retention (Misra et al., 2004; Shields, 

2007). Under this category the micropiles directly support the applied loading and/or 

behave as an integral part o f the main foundation system.
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In-situ reinforcement is used for slope stabilization, ground strengthening and protection, 

settlement reduction and structural stability primarily due to densification (Me Manus et 

al., 2004; Babu et al., 2004; Han and Ye, 2006). Under this category micropile elements 

confine and internally reinforce the soil to make a reinforced soil composite that resists 

the applied load. The frictional resistance between the surface o f the pile and soil, and the 

associated group/network effects of micropiles, are considered as the possible mechanism 

for the improvement o f the soil.

According to Unnikrishnan and Sachin (2009) loose sand deposits can be improved to 

support more load, if sufficient confinement is provided. Due to confinement, the chances 

o f a reduction in the sand’s shear strength will also be lower, which usually occurs due to 

seepage and changes in water table level. They studied the benefits o f providing 

confinement to footings on loose sand deposits using small diameter piles (SDPs) made of 

timber. Figure 6.5 illustrates the arrangement o f these confining piles around the shallow 

footing.

of pile 
skirt’ ■ •

piles .'s'

Diameter- of pUe; ‘o' •; ■; 
Leustii of pile’ 'h! •! • ’ •!

Solid ■ •

Figure 6.5 Schematic diagram of foofing surrounded by confining piles (after, 

Unnikrishnan and Sachin (2009))
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Results show that confining piles can be successfully employed to improve the bearing 

capacity o f loose sand deposits. Higher load carrying capacity for footings on loose sand 

deposits can be obtained with closer spacing o f the confining piles. Improvement o f 

bearing capacity o f up to 2.28 times that o f an unconfmed footing was observed with the 

introduction o f reduced spacing between the piles (s/d=2.67). As the spacing of the piles 

reduced, the mode o f failure showed a tendency to change to general shear failure. Load 

settlement relations showed well defined failure with closer spacing o f the piles. This 

implies that the mobilisation o f the more shear strength o f the soil may be achieved with 

the introduction of the confining piles.

Unnikrishnan and Sachin (2009) are o f the opinion that the formation o f arches o f soil 

grains between the spacing o f  the SDPs (see Figure 6.6) may be the reason for the 

reduction in the settlement and a consequent increase in the ultimate load carrying 

capacity o f the sand deposit.

Soil giaiiis

Small spacing 
Small span

Large spacing 
Laige span

Figure 6.6 Mechanism o f confinement with confining piles (after, Unnikrishnan and
Sachin (2009))

6.3 Experimental investigations of the potential use of ring-arm (RA) arrangement 

attached to the monopile head

This particular part o f the chapter presents the experimental investigation performed to 

explore the possible pilehead modification through a novel ring-arm (RA) arrangement. 

The RA-arrangement is designed and attached to the pilehead to reduce the accumulated 

rotation o f the monopile under long-term repeated lateral loads.
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6.3.1 Development o f the RA-arrangement

A schematic diagram o f the ring-arm arrangement (RA-arrangement) is shown in Figure 

6.7, which consists o f a central splitable ring and four steel arms, each one containing one 

smaller diameter ring (sleeve ring) at their far end. The central splitable ring was 

manufactured from a mild steel strip o f 30 mm in width and 2 mm in thickness. The two 

halves of the central ring were clamped through their side collars, making a circular ring 

around the monopile, which has an outer diameter o f 53 mm. Four M4 nut-bolts were 

used to affix them together, two on either side o f  the collars. Four struts, each with length, 

width and thickness equal to 89, 20 and 2 mm, respectively, were welded to the central 

splitable ring at a 90° angle from one another, making the four arms.

125 Tnm

\  125 mm

)------------O
Central rinj to house 53 mm 
■diameter monopile 
M4 nut-bolt passing throuelJ 
the side coUer A A

20 mm wide and 2 mm thick 
mild steel arm I

M4 nut-bolt

Smaller diameter rmg to 
house 19 mm diameter pile

■Jackmff screw

mm

(b) Side \ ie w  (section A-A)

Figure 6.7 Schematic diagram o f the RA-arrangement 

Note: Thickness o f the metal strip is not according to scale.
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The other ends of each o f  these four arms were connected by an M4 nut-bolt to the four 

smaller rings (19 mm internal diameter), which were manufactured from mild steel strips 

o f  25 mm in width and 2 mm in thickness. The connection between the arm and smaller 

rings allowed changes to be made to the inclination (with respect to the plumb line) of the 

small diameter piles (SDPs) housed in these rings (sleeve rings). The smaller rings were 

equipped with jacking screws that allowed the required adjustments to be made to the 

SDPs while fixing their position into them. Each of the SDPs, having a length and 

external diameter of 225 and 19.4 mm, respectively, was manufactured from a PVC pipe 

with wall thickness o f  1.4 mm. A conical shaped plug made o f  aluminium was attached 

to the lower end of each o f  these SDPs. In order to increase the bending stiffness, these 

SDPs were filled with cement-sand mortar. During the experimental investigation two 

different embedded lengths of the SDPs, equal to 0.33L and 0.5L were used (where L is 

the embedded length of the monopile). Figure 6.8 shows the RA-arrangement containing 

the monopile at its centre and the four SDPs surrounding it. Hereafter, the central split- 

able ring (to hold the monopile), and the four arms with the smaller diameter sleeve rings 

containing the SDPs, will be collectively termed as the "RA-arrangem ent'.

Figure 6.8 RA-arrangement containing the monopile and small diameter piles
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6.3.2 Intended working mechanism of the RA-arrangement

Sandy soils around the monopile are influenced by repeated lateral loads, as documented 

in Section 5.8. However, the zone o f  significant influence remains limited to within 2-3 

times the monopile diameter, as is evident from the formation of a cone of depression at 

the sand surface around the monopile. In case of a laterally loaded pile, the upper part of 

the soil around the pile is more critical than the lower part due to its greater level of 

deflection (Zhang et ai, 2005; Nasr, 2014). The RA-arrangement is designed to transfer 

the applied stresses away from the zone o f  significant influence. Through this, the stress 

intensity around the monopile is reduced, thereby lowering strain in the surrounding soil 

to a relatively mild level.

in addition to transferring applied stress away from the zone of significant influence, the 

RA-arrangement causes a significant increases in the bending stiffness of the pile when 

compared to a conventional monopile. For instance, the second moment o f  inertia for a 

conventional monopile (about its centroidal axis) at the sand surface level is 44,700 mm“*, 

whereas the RA-arrangement yields a corresponding value o f  6,300,100 mm"*, i.e., more 

than 147 times increase (see Appendix H for detailed calculations). As the pile tends to 

rotate under the action o f  the horizontal loads/moments, the RA-arrangement imparts an 

additional restoring moment to the foundation system.

6.3.3 Sand characterisation, sand bed preparation, including monopile and 

RA-arrangement installation

For this specific experimental investigation, the same sand as characterised in Section 5.4 

was used. Furthermore, the sand bed was prepared using the same method, as explained in 

Section 5.5, which enabled the identical density index range o f  70-74%  to be achieved 

Also, the monopile was installed following the identical procedure adopted for the 

experimental campaign carried out in the Chapter 5 (Section 5.5). After the preparation of 

the sand bed and the installation of the monopile, the central splitable ring containing the 

four arms was clamped around the monopile using the four M4 nut-bolts, two of which 

were used on the either side collar o f  the central ring. The height o f  the central ring was 

adjusted in such a way that the arms were just above the finished sand surface level in the 

sand tank. In the next step, the SDPs were pushed into the sand bed through the smaller 

rings (sleeve rings) up to the desired embedded length. Jacking screws were used to
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achieve a rigid connection and fine adjustment o f  the SDPs. The different stages of the

fixing of the RA-arrangement and the installation o f  the SDPs are shown in Figure 6.9.

(a) Monopile installed in the sand bed (b) Central split-able ring attached to the
monopile head

(c) SDPs being pushed into the sand (d) RA-arrangement with the monopile
bed through the smaller ring and the SDPs ready for testing
(sleeve rings)

Figure 6.9 Different stages to attach the RA-arrangement and the installation o f  SDPs 

6.3.4 Testing programme

To evaluate the efficiency o f  the newly developed RA-arrangement, a comprehensive 

testing programme, comprising a series o f  14 sets (see Table 6.1) o f  repeated lateral load 

tests, was performed on the ‘wished in place’ monopile installed in dry sand beds.
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Worst case loading scenarios in term s o f  the accum ulated  rotation o f  the reference 

m onopile, as presented in Section 5.9, were used for the testing program m e to evaluate 

the efficiency o f  the RA -arrangem ent. These loading scenarios correspond to the load 

am plitude o f  60 N , loading frequency o f  0.25 and 0.4 Hz, and loading directions, 

including: one-way, partial one-way, balanced tw o-w ay and unbalanced two-way. In

relation to the RA-arrangem ent, five different configurations were considered, depending 

upon: (1) ratio o f  em bedded length o f  the SD Ps ( L s d p )  to that o f  the m onopile ( I ) ;  (2) 

inclination o f  the SDPs from the initial plum b line; and (3) orientation o f  the RA- 

arrangem ent with respect to the line o f  action o f  the repeated lateral loads. These 

configurations are listed and described in Table 6.2. D uring each test, 12000 load cycles 

w ere applied to the pilehead at the sam e height above the sand surface level, as with the 

reference tests conducted on the regular m onopile.

Table 6.1 Lateral load testing program m e on the m onopile with R A -arrangem ent

Loading scenario

R A -arrangem ent

provision Test ID

1 2W /30-60/0.40 A 2 w/3 0 -6 0 /0 .40/A

2 2W /30-60/0.40 B 2W /30-60/0.40/B

3 2w /30-60 /0 .40 C 2W /30-60/0.40/C

4 2w /30-60 /0 .40 D 2W /30-60/0.40/D

5 2w /30-60/0 .40 E 2W /30-60/0.40/E

6 2w /60-60 /0 .40 A 2w /60-60 /0 .40 /A

7 2w /60-60 /0 .40 B 2W /60-60/0.40/B

8 2w /30-60 /0 .40 C 2w /60-60/0 .40/C

9 2W /30-60/0.40 D 2w /60-60/0 .40/C

10 lw /60/0.25 A 1W/60/0.25/A

11 lw /60/0 .25 B 1W/60/0.25/B

12 lw /60/0.25 C 1W/60/0.25/C

13 lw /30-60 /0 .25 A lw /3 0 -6 0 /0 .2 5 /A

14 lw /30-60 /0 .25 B lw /30-60 /0 .25 /B

Note: The identification practice for the loading scenario has already been explained in 

Section 5.6, while the applied configuration for the R A -arrangem ent and the SDPs have 

been elaborated in the Table 6.2.
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T able 6 .2  D ifferent scenarios considered for RA-arrangem ent and the SD Ps

RA-
arrangment Vertical provision for 

the SD Ps

Provision for the line o f  
action o f  the repeated 
lateral loads C om m ents

The repeated lateral 
loads are aligned at 
0° with one arm 
and at 90” with 
another arm o f  the 
RA-arrangem ent. 
The SDPs are 
attached to the 
arm s o f  the RA- 
arrangem ent at 0“ 
w ith reference to 
the plum b line (i.e. 
vertically).
Lsdp L = 0.5

The repeated 
lateral loads are 
aligned at 0° with 
one arm and at 90° 
with another arm o f  
the RA- 
arrangem ent.
The SDPs are 
attached to the 
arm s o f  the RA- 
arrangem ent at 0° 
with reference to 
the plum b line (i.e. 
vertically).
/ - . s v ; ; . / z ,  =  0.33 

The repeated lateral 
loads are aligned at 
45° with both arm s 
o f  the R A - 
arrangem ent.
The SDPs are 
attached to the 
arm s o f  the RA- 
arrangem ent at 0° 
with reference to 
the plum b line (i.e. 
vertically).
L^dp / L — 0.33
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Table 6.2 C o n t ’d ..........
The repeated lateral 
loads are aligned at 
0°  with one arm 
and at 90° with 
another arm o f  the 
RA-arrangement.
The SDPs are 
attached to the 
arms o f  the RA- 
arrangement at 15° 
with reference to 
the plumb line. 
LsDp/L=0.33

The repeated lateral 
loads are aligned at 
45° with both arms 
o f  the RA- 
arrangement.
The SDPs are 
attached to the 
arms o f  the RA- 
arrangement at 15° 
with reference to 
the plumb line. 
LsDp/L = 0.33

6.3.5 Lateral load-carrying capacity of the monopile in the presence o f the RA- 

arrangement under static conditions

For the eva lua tion  o f  the response  o f  the R A -a rran g em en t  ( inc lud ing  the SD Ps 

a t tach m en t)  under  static loading, the sand sam p le  prepara tion  p rocedure  and  m onop ile  

insta lla tion techn ique  from  Section 5.5 w as  adop ted .  T he  S D P s  w ere  installed fo llow ing  

the p rocedure  as exp la ined  in Section 6.2.3 , and  static loads w ere  app lied  in small 

increm ents  as exp la ined  in Section 5.7. T he  load /ro ta tion  re la tionship  under  static loading 

for the  five d ifferent R A -arran g em en ts  (A .B ,C , D and E), a long  w ith  the re fe rence  data  

for the  m o n o p ile  is show n  in F igure  6.10. From  this  figure, it can be in terpre ted  that the 

a t tachm en t o f  the R A -arran g em en ts  to the  m o n o p ile  head has substan tia lly  im proved  its 

lateral load ca rry ing  capac ity  a long  with increas ing  its lateral s tability  particu larly  w hen 

applied  load is m ore  than 60 N. For instance, O.S*’ ro ta tions  o f  the m o n o p ile  were 

p roduced  at the applied  lateral load o f  90. 135 and 200  N , for  the  re fe rence  m onop ile  

(w ithou t  the R A -arran g em en t) . th e  m o n o p ile  with  R A -a rran g em en t  B and the m onop ile  

w ith  R A -a rran g em en t  A, respectively. Sim ilarly , at the app lied  lateral load o f  150 N, the 

m o n o p i le ’s rotation w as  1 .S**, w hile  the c o r re sp o n d in g  value  o f  rotation w as  0.63® and 

0.32^ in the presence  o f  R A -arran g em en t  A and B, respectively.
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Figure 6.10 Load~rotation relationship for the monopile under static loading

6.3.6 Performance o f the RA-arrangem ent under repeated lateral loads

The performance of the RA-arrangement was evaluated by comparing its test results with 

those obtained from the reference tests (the monopile alone), in terms of ‘accumulated 

rotation-number of load cycles’, and ‘cyclic stiffness-number o f  load cycles'. Different 

aspects of the performance of the RA-arrangement are discussed below.

6.3.6.1 Effect o f embedded length o f the SDPs on accumulated rotation o f the

monopile

To investigate the effect o f  the embedded lengths o f  the SDPs on the behaviour o f  the 

monopile with the RA -  arrangem ent, eight repeated lateral load tests were performed by 

considering four different loading scenarios and two different ratios o f  L sdp/L ,  equal to 

0.5 (A) and 0.33 (B). Figure 6 .11 (a) shows the response o f  the RA-arrangement under 

balanced and unbalanced two-way loading, while Figure 6.11 (b) shows the response o f  

the RA-arrangement under one-way and partial one-way loading. From both of these 

figures, it can be inferred that attachment of the RA-arrangement at the finished sand 

surface level to the monopile has considerably reduced the accumulated rotation o f  the 

monopile, when compared with accumulated rotation o f  the reference monopile. For 

instance, at the end of 6000 load cycles under the loading scheme identified as 2w /30-
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60/0.40, the rotation of the reference monopile was 2.75*̂ , while the RA-arrangement 

limited this value to 0.49° and 0.38° for the Lsop/L values of 0.33 and 0.5 respectively, i.e. 

an 82% and 86% reduction in the accumulated rotation was recorded. Similarly, for the 

loading scheme identified as 2w/60-60/0.40, the corresponding reduction in rotation was 

57% and 67%> for the Lsop/L values of 0.33 and 0.5 respectively (Figure 6.11 (a)). In the 

case of one-way loading (lw/60/0.25), the percentage reduction in the rotation of the 

monopile was 25% and 31% for the Lsop/L values 0.33 and 0.5. The effect of the Lsdp/L 

ratio for the partial one-way loading scheme was found to be negligible; however, 

rotation was found to reduce by 75% (Figure 6.11 (b)). The percentage reduction in 

rotation of the monopile for a particular loading scenario and at a particular number of 

load cycles is defined by Equation 6.1, given below:

Reduction ~  o f  the monopile') -  (Rota t ion o f  the monop i le  w i th  RA-arrangem ent)
(Rotat ion o f  the monopi le)  

 (6 . 1)

Overall, the reduction in the rotation of the monopile can be explained as being a result of 

an increase in the passive area of soil pressure in front of the monopile due to the RA- 

arrangement. Figure 6.12 shows the percentage reduction in the accumulated rotation of 

the monopile when the Lsdp/L ratio was increased from 33% to 50%. From this figure, it 

can be concluded that with the increase in Lsop/L ratio by 50%> (i.e. from 33 to 50%), the 

accumulated rotation of the monopile only decreases by 25%>, and also remained limited 

to only 10%, in the case of one-way loading. It is clear that for practical purposes, the 

maximum reduction in the rotation of the monopile is obtained when Lsdp/L = 0.33.

Although there is no reference in the literature to a pilehead modification with an RA- 

arrangement such as this under consideration. An analogy of these results can be drawn 

with the experimental and numerical studies conducted by Peng et al. (2010, 2011) on 

piles with wings under repeated lateral loads and under static load tests conducted by 

Nasr (2014). In both of above referred studies, it was found that the lateral resistance 

increased with the increase in length of the wings attached to the regular monopile.
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Figure 6.11 Effect o f the embedded length o f the SDPs on accumulated rotation of the 

monopile: (a) under two-way loading; (b) under one-way loading
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Figure 6.12 Reduction o f  accum ulated rotation o f  the m onopile when the L sop /L  ratio

was increased from 33%  to 50%

6.3.6.2 Effect of orientation of the RA-arrangem ent on accum ulated rotation of  

the monopile

In order to explore their possible effect on the accum ulated rotation o f  the m onopile, two 

different orientations o f  the RA-arrangem ents w ere investigated, with respect to the line 

o f  action o f  the repeated lateral loads. These two orientations have been identified as RA- 

arrangem ent ID ‘B ’ and ‘C ’ in Table 6.2. Figure 6.13 shows the effect o f orientation at a 

constant value o f  L sdp/L  = 0.33, how ever three different loading scenarios were 

considered. From this figure, it can be concluded that orientation has m arginal effects on 

the accum ulated rotation o f  the m onopile under the repeated lateral loads applied to the 

pilehead. It is evident that when the arms o f  the RA -arrangem ents were aligned at 45° to 

the line o f  action o f the repeated lateral loads, m ore accum ulated rotation occurred as 

com pared to the value at an alignment o f  0° or 90° (see Table 6.2). The m axim um  effect 

was observed in the case o f  unbalanced tw o-w ay loading, for which the accumulated 

rotation o f  the m onopile increased from 0.49° to 0.76° at the 6000^’’ load cycle, while in 

the case o f  balanced tw o-w ay loading and one-w ay loading the corresponding value 

changed from 0.69° to 0.74° and 0.88° to 0.92° respectively. A possible reason for this 

increase m ay be the decrease in perpendicular distances betw een the SDPs and the 

m onopile, despite the radial distance rem aining the same (see Figure 6.14). For practical
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reasons, it can be considered that the best orientation is that where the RA-arrangement is

at 0^ with the line o f action of the applied lateral loading.
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Figure 6.13 Effect of orientation o f the RA-arrangement on accumulated rotation o f the
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6.3.6.3 Effect of inclination of the SDPs on accumulated rotation of the monopile

The efficiency o f the RA-arrangem ent was also evaluated by taking into account the 

inclination o f  the SDPs to the plumb line, as shown in Table 6.2 (RA-arrangement ID ‘D ’ 

and ‘E ’). For this purpose, inclination o f  the SDPs was changed to and two loading 

scenarios were considered, balanced and unbalanced tw o-w ay loading. Figure 6.15 shows 

the effect o f  change o f  inclination at a constant value o f  L sdp/L  =  0.33.

From this figure, it can be concluded that accum ulated rotation o f  the m onopile was 

increased for the tests conducted with inclined SDPs for both loading scenarios. For 

instance, between the 1000‘*' and 12000* load cycles under unbalanced tw o-w ay loading, 

the accum ulated rotation o f  the m onopile with inclined SDPs was approxim ately 20-30%  

greater when compared with the corresponding values where the SDPs were vertical. For 

the balanced tw o-w ay loading, the corresponding increase was approxim ately 10% 

between the 2000'*’ and 6000'*’ load cycles (Figure 6.15). In both o f  the above cases, the 

RA-arrangem ents were aligned at O'̂  to the line o f  action o f  the repeated lateral loads. 

One test for unbalanced tw o-w ay loading was conducted with the SDPs inclined at 15^ 

and the RA-arrangem ent oriented at 45® to the line o f  action o f  the lateral repeated loads 

(RA-arrangement ID E). Under this specific arrangem ent, the accum ulated rotation o f  the 

m onopile was 86% greater at the 2000'*’ load cycle, compared with the accum ulated 

rotation o f the m onopile when the RA-arrangem ent was in line with the line o f action o f 

the repeated lateral loads (RA-arrangement ID D). However, this percentage decreased to 

approxim ately 75% at the 12000'*’ load cycle (Figure 6.15).

The possible reason for this increase in accum ulated rotation m ay be due to the lower 

resistance m obilised by the inclined SDPs against the upward pulling attempt o f  the 

horizontal load, which is certainly higher when the SDPs are in a vertical direction. This 

assum ption was further investigated by the perform ance o f two m ore tests where the 

inclination o f  the SDPs was changed to 25° and 40°. However, only 1500 load cycles 

were applied, and the accum ulated rotation o f  the 1500* load cycle was found to be 18% 

and 28% higher compared with the values obtained where the inclination o f  the SDPs was 

at 15°. In order to avoid com plication in presentation o f  the results on the same figure, 

these tests have not been presented. From the au thor’s perspective, this situation could be 

reversed if  the SDPs were replaced by helical piles (o f the same dim ensions as the SDPs), 

or if  the outer surface o f the SDPs was m ade rougher (i.e. m ore frictional).

201



Chapter 6_______________________ Improved Performance o f Monopiles with Ring-Arm
Arrangement and Small Diameter Piles

0.9

0.7
—

.2 0-5
0.4 2W/60-60/0.40/Bo

^2w /60-60 /0 .40 /D
0.3

^2w /30-60 /0 .40 /B
0.2

-2w /30-60/0.40/D

-■-2W/30-60/0.40/E
0.0

0 2000 4000 6000 8000 10000 12000 14000
Number o f load cycles 

Figure 6.15 Effect of inclination o f the SDPs on accumulated rotation o f the monopile

6.3.6.4 Effect of RA-arrangement on cyclic stiffness of the soil-pile system

The cyclic stiffness o f the soil-pile system was calculated and graphed for the series o f 

tests mentioned in Table 6.2. Figure 6.16 shows the overall trend in the variation o f the 

cyclic stiffness with number o f load cycles, which is very similar to that found for the 

monopile without the RA-arrangement, as presented in Section 5.8.3. For unbalanced 

two-way loading, the cyclic stiffness o f the monopile in the presence o f the RA- 

arrangement increased from 200 to 500 N/mm, over a range o f 10000 load cycles, while 

the corresponding change in the reference data, i.e. without the RA-arrangement was from 

100 to 300 N/mm over 6000 load cycles (Figure 6.16 (a)).

For balanced two-way loading the increase in the cyclic stiffness o f the monopile, in the 

presence o f the RA-arrangement was from 100 to 400 N/mm over a range o f 10000 load 

cycles, while the corresponding change in the reference data was from 170 to 270 N/mm 

(Figure 6.16 (b)). In one-way loading, only a marginal change in the value o f cyclic 

stiffness was observed, over 1000 load cycles, particularly in the case of partial one-way 

loading. However, the cyclic stiffness in the presence o f the RA-arrangement increased 

by almost 100% for this particular type o f loading ((Figure 6.16 (c)).
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6.4 Experimental investigation for the use of small diameter piles (SDPs) to reduce 

rotation of the monopile

The present experimental model study is conducted at normal gravitational conditions 

(Ig ) to explore the possible effects o f  the installation o f  SDPs in the form o f  concentric 

rings (CRs), (hereafter written as SD Ps-C R s) around the m onopile installed in dry sand 

and when a monopile are subjected to repeated cycles o f  lateral loads o f  varying 

amplitude, direction and frequency. The following aspects are investigated in detail: (1) 

lateral deflection/rotation o f  the m onopile; (2) soil subsidence around the m onopile; (3) 

change in cyclic stiffness o f  the so il-p ile  system and (4) change in the bending m oment 

profile along the embedded length o f  the monopile.

6.4.1 Experimental arrangements

For the present study, the loading system , model m onopile, instrumentation and data 

acquisition system has already been discussed in Chapter 4 and 5. W hile each o f  the 

SDPs, having a length and external diam eter o f  400 and 19.4 mm, respectively, was 

manufactured from a PVC pipe with wall thickness o f  1.4 mm. A conical shaped plug 

made o f  alum inium  was attached to the lower end o f  each o f  these SDPs. In order to 

increase the bending stiffness, these SDPs were filled with cement-sand mortar. These 

SDPs are essentially the same one as those explained in Section 6.3.1, apart from their 

length.

6.4.2 Sand characterisation, sand bed preparation, including monopile and 

SDPs-CRs installation

In the present investigation, sand characterisation, sand bed preparation, including 

m onopile installation has already been explained in Sections 5.4 and 5.5 o f  Chapter 5. 

After preparation o f  the sand bed, 20 closed-ended SDPs were installed around the 

m onopile by jacking/pushing through a wooden stencil with 20 circular slots drilled in the 

form o f  two concentric circular loops o f  200 and 300 mm diam eters (Figure 6.17). From 

the au thor’s point o f  view  the installation o f  SDPs as pre-bored or cast in-site piles will 

not be able to densify or confine the soil adequately. The outer and inner loops 

accom m odated 12 and 8 SDPs, respectively, as shown in Figure 6.17 (c). The embedded 

length o f  these SDPs was m aintained at 0.36 m, equal to the em bedm ent length o f  the 

monopile. Since the SDPs were not directly connected to the m onopile, the 0.36 m depth 

was intended to improve their stability around the m onopile. The wooden stencil was
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used to achieve repeatability o f  the point o f  installation o f  SDPs around m onopile and

w as rem oved before the application o f  lateral loading on the m onopile head.

6.4.3 T esting  p ro g ram m e

The testing program m e was com prised o f  tw o series o f  tests; during each series 12 sets o f  

repeated lateral load tests were perform ed on the ‘w ished in p lace’ m onopile installed in 

the dry sand beds, w hich w ere prepared as described in Section 5.5 o f  C hapter 5. In the 

first series o f  tests, no S D P s-C R s were installed, and the ‘reference’ response o f  the 

m onopile was explored under the effect o f  different loading scenarios, com prised o f  the 

loading direction (balanced and unbalanced tw o w ay and one w ay loading), the load 

am plitudes, and the loading frequencies. D uring each loading set-up, 6000 lateral load 

cycles w ere applied to the pilehead. In the second series o f  tests, the SD P s-C R s were 

installed around the m onopile as shown in Figure 6.17 and repeated lateral load cycles 

were applied to the pilehead, sim ilar to that o f  the first test series. The different tests are 

listed in Table 6.3 and their identification m ethodology has already been explained in 

Section 5.6 o f  C hapter 5.

T ab le  6.3 Lateral loading program m e on the m onopile in the presence S D P s-C R s

Test ID Loading scenario

Left hanger 
load 
(N)

Right hanger 
load 
(N)

Frequency

(H z)
Iw /40/0.40 one-w ay 0 40 0.40

2 w /4 0 ^ 0 /0 .1 0 balanced tw o-w ay 40 40 0.10

2 w /4 0 -i0 /0 .2 5 balanced tw o-w ay 40 40 0.25

2 w /4 0 ^ 0 /0 .4 0 balanced tw o-w ay 40 40 0.40

lw /60/0 .10 one-w ay 0 60 0.10

lw /60/0.25 one-w ay 0 60 0.25

lw /60/0 .40 one-w ay 0 60 0.40

2w /60-60/0 .25 balanced tw o-w ay 60 60 0.25

2w /60-60 /0 .40 balanced tw o-w ay 60 60 0.40

2w /30-60 /0 .10 unbalanced tw o-w ay 30 60 0.10

2W /30-60/0.25 unbalanced tw o-w ay 30 60 0.25

2w /30-60 /0 .40 unbalanced tw o-w ay 30 60 0.40
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6.4.4 Test results

The same monopile, embedment length, and sand bed preparation method were used 

throughout this particular testing series. Different aspects of the SDPs-CRs installation 

around the monopile in dry sand under repeated cycles o f  lateral loads are discussed in the 

following sections.

wooden stencil

(a) M onopile is being installed after depositing first (b) Sand sam ple containing the m onopile and the 
two layers o f  sand cushion in the steel tank SD Ps

8 SDPs installed in 
circle o f  200 mm 

Diameter

300 mm diameter
(c) Sand bed containing the monopile and SDPs.

Figure 6.17 Different stages o f  sand bed preparation, monopile and SDPs-CRs

installations
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6.4.4.1 Lateral load-carrying capacity of the monopile in the presence of the 

SDPs-CRs under static loading

The load~rotation relationship under static lateral loading was determined for the 

monopile in the presence and in the absences of the SDPs-CRs. For both the scenarios, 

the same embedment length o f the monopile was used in the dense sand beds. The static 

load was applied in small increments o f 10 N, and the reading from the horizontally 

mounted LVDTs was allowed to stabilise before the application o f the next load increment 

(Peng et al., 2011; Nasr, 2014). From Figure 6.18 it can be concluded that the lateral 

load-carrying capacity o f the monopile in the presence o f SDPs-CRs is approximately 

42% higher when rotation o f the monopile was 1.5°, although no difference in lateral load 

carrying capacity was observed up to the rotation o f 0.15°. Similarly, at a particular value 

o f the applied lateral load rotation o f the monopile in the presence o f SDPs-CRs is 

substantially less in comparison with the corresponding value obtained for the reference 

monopile. For instance, at a lateral load o f 100 N, the rotation o f the reference monopile 

is approximately 0.62° i.e., almost double the value obtained when SDPs-CRs were 

installed.

250

200

M
Z 150
T3
O

100

-■ Monopile with SDPs-CRs

♦ -  Reference monopile

0 0.5 1.5 2 2.5

Rotation (degree)
Figure 6.18 Load~rotation relationship for the monopile under static loading
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6A.4.2 Effect of the SDPs-CRs installation on sand structure and sand-structure 

interaction

As mentioned earlier, the closed ended SDPs were jacked into the dry sand and arranged 

in two concentric rings around the monopile: hence they behaved as displacement piles. 

Use o f the SDPs in the form of CRs was intended to densify the sand around the monopile 

within a circular zone o f diameter 300 mm, in addition to providing lateral confinement 

to the sand, which in turn increases the frictional load carrying capacity o f the monopile. 

From the author’s perspective, the combined effects of densification and confinement will 

lead to the formation of a virtual pier o f diameter 300 mm and a length o f 360 mm 

containing the monopile at its centre and the SDPs on its periphery. The total volume of 

this pier was 0.026 m^, o f which 3.12% by volume was made up o f the monopile and a 

further 7.85% by the SDPs which implies that the volume o f the sand has reduced due to 

the space occupied by the SDPs. In conventional applications, the effectiveness o f SDPs 

in relation to the improvement o f geo-mechanical properties o f the soil depend upon their 

network pattern as well as the initial density o f the soil (Shu ei al., 2011). If the law of 

conservation o f mass is assumed to be valid then a preliminary quantification o f the 

densification can be done in terms o f relative density. Table 6.4, shows the measured 

change in relative density and the corresponding change in the value of the effective 

angle of internal friction (0 ')  o f the sand due to the installation o f the SDPs. In the 

current investigation zones o f influence (around the monopile due to the SDPs) having a 

diameter in the range of 0.3 to 0.8 m were considered and the change in density o f the 

sand was calculated by assuming that the volume of the sand is reduced by an amount 

equivalent to the volume o f the 20 SDPs. For the sandy soils the value o f cp' can be 

determined on the bases o f value o f the relative density (/?d), coefficient o f uniformity 

(Cy) and the mean particle size o f the sand (dso), as given in the following empirical 

relationship (Brich Hansen, 1970):

0 '  =  26° +  IORd + 0 .4 Q  +  l .e io g d ^ o ........................................................................... (6.2)

A relationship similar to Equation 6.2 has also been given in API (2010) but such 

relationships do not categorically define the type o f friction angle i.e peak or critical 

friction angle (Rollins et a l,  2005).
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In the existing literature, the ultimate lateral resistance is usually evaluated (Broms,

1964a; Reese et a l,  1974; Fleming et al,  1992) in terms o f passive earth pressure

coefficient Kp, which depends upon the value of (f>' (Table 6.4) as given in Equation (6.3):

K^ = t a n \ 4 S °  ................................................................................................................ (6.3)

Table 6.4 Change in values o f Rd, (p' and Kp due to densification provided by the
SDPs-CRs

Diameter o f the zone o f influence 
around the monopile (m) Rn

(p'
(degree)

0.40 0.97 35.57 3.78
0.45 0.92 35.07 3.70
0.50 0.88 34.67 3.64
0.55 0.86 34.47 3.61
0.60 0.83 34.17 3.56
0.65 0.82 34.07 3.55
0.70 0.81 33.97 3.53
0.80 0.79 33.77 3.50

6.4.4.3 Formation of conical depression and sand densification around the 

monopile

During the first test series, the maximum diameter of the curved cone o f depression at the 

initial sand surface level was noted in the range of approximately 200-300 mm (~ 3 .75- 

5.6D), depending on the loading amplitude The depth o f the depression cone measured at 

the interface o f the monopile was up to 25 mm for two-way balanced loading. 

Unbalanced two-way and one-way loading tests produced an elongation o f the subsided 

zone along that of the loading axis (i.e. an ovalization), with a maximum axis dimension 

in the range o f approximately 175-225 mm (~ 3 .25^.25D ). This means that the 

extension o f the densified region was significantly smaller for the one-way tests as 

compared with the two-way (balanced and unbalanced) tests, which is consistent with the 

experimental observations documented in the reference tests results and by Brown et al. 

(1988).
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6.4A.4 Effect of installation of the SDPc-CRs on rotation of the monopilelt is

generally accepted that strain accumulation in soils under repeated loading is dependent 

on material properties, stress path (level) and number of load cycles (Niemunis et a l,  

2005; Karg, 2007) with the pile deflection (rotation) response tending to change with each 

subsequent load cycle. Figure 6.19 shows sample results o f the variation in the 

accumulated rotation o f the monopile from its initial vertical alignment against the 

number o f load cycles in the absence and in the presence o f the SDPs-CRs.

co Rotation o f the monopile in the 
presence o f SDPs-CRs15

o
Qi 0.6

-B -

0.4 -A A
-A A

-* -lw /6 0 /0 .1 0
2W/60-60/0.25

^ -lw /6 0 /0 .1 0
^ 2 w /6 0 -6 0 /0 .2 5

0.2

0 2000 4000 6000 8000
Number o f load cycles 

Figure 6.19 Accumulated rotation o f the monopile against the number o f load cycles

This figure indicates that almost 80% of the total accumulated rotation occurred during 

the first 500 load cycles (out o f the 6000 load cycles applied), irrespective o f the loading 

characteristics (similar to the case for reference tests). This response was observed for all 

o f the tests performed under various loading conditions, as described in Table 6.3. 

Furthermore, the value o f the lateral load carrying capacity o f the monopile is notably 

higher for a given value o f rotation in the presence of the SDPs-CRs when compared with 

its corresponding value in the absence o f  SDPs-CRs. In this research, the elficiency of 

the SDPs-CRs to minimize the rotation o f the monopile from its initial vertical alignment 

for a given repeated load condition, and at a certain number o f load cycles is defined as:
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E f f i c i e n c y  o f  SDPs — CRs (% ) =

^ ( r o ta t io n  o f  the  m o n o p i l e ) —(ro ta t io n  o f  th e  m o n o p i le  in the  p re s e n c e  o f  S D Ps-C R s) t r  a \
1(J(J-------------------------------------------------;.........................................................   (0.4)

(ro ta t io n  o f  th e  m o n o p i le  )

Figure 6.20 shows that the use o f SDPs-CRs (having the given dimensions and 

installation pattern) remained efficient; i.e. the presence o f the SDPs-CRs reduced the 

rotation o f the MP by 40% to 65% when compared against the values o f rotation that 

would have occurred in the absence o f SDPs-CRs.

2W/40-40/0.10
2w/40-40/0.40
2W/30-60/0.25

- 2W/60-60/0.25 
lw/60/0.10

w/40-40/0.25
2W/30-60/0.10
2W/30-60/0.40
2W/60-60/0.40
lw/60/0.25

8000
Number o f load cycles

Figure 6.20 Efficiency o f the SDPs-CRs under different loading conditions

In initial trials, two concentric circular loops o f SDPs-CRs, having diameters in the range 

o f 500 and 300 mm, were used; however, no significant reduction in the 

rotation/deflection o f the mopile was observed. The efficiency o f the SDPs-CRs 

remained highest (60-65%) under one-way loading and lowest (40-50%) for the two-way 

balanced loading, particularly at lower load amplitude o f 40 N, for the loading cycles 

between 1000 and 6000. Previous numerical analysis results have shown that the increase 

o f the interface shear strength increases the lateral load capacity o f the pile and the 

stiffiaess o f the soil-pile system (Zania and Hededal, 2011). The increase in shear 

strength o f the sandy soil by densification has also been reported by Brown et al. (1988) 

from the field study.
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Tests conducted with loading schemes 2w/60-60/0.25 and 2w/30-60/0.40 were amongst 

those that generated the highest rotation o f the monopile in the absence o f the SDPs-CRs. 

However, the installation o f SDPs-CRs reduced the corresponding values o f the rotations, 

notably, when compared against the rotation for tests conducted with other loading 

scenarios without SDPs-CRs. For instance, in Figure 6.21 (a) the experimental test results 

are presented for the loading schemes 2w/60-60/0.25, 2w /40^0/0 .25 and lw/60/0.25, 

while Figure 6.21 (b) shows the experimental test results for the loading schemes 2w /30- 

60/0.40, 2w/60-60/0.40 and lw/60/0.40.
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Figure 6.21 Effect o f SDPs-CRs on the monopile rotation for loading scheme: 
(a) 2W/60-60/0.25; (b) 2w/30-60/0.40
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Figure 6.21 (a) shows that for the loading scheme 2w/60-60/0.25, the installation of 

SDPs-CRs reduced the rotation o f the monopile by 45-35%  and 50% when compared to 

the rotation that would have occurred without SDPs-CRs for the selected loading 

schemes o f 2w /40^0/0 .25 and lw/60/0.25 respectively. It is also worth mentioning that 

the loading scheme 2w/60—60/0.25 produced approximately 60-75%  and 45-35% higher 

rotation without SDPs-CRs when compared with the rotation that occurred in response to 

loading schemes defined by 2w/40-40/0.25 and lw/60/0.25, respectively.

Figure 6.21 (b) shows that for the loading scheme 2w/30-60/0.40, the installation of 

SDPs-CRs reduced the rotation o f the monopile by 20-30%  when compared against the 

rotation that would have occurred without SDPs-CRs for the loading scheme 2w /60- 

60/0.40. Furthermore, the response was almost equivalent to the rotation that would have 

occurred for the loading scheme lw/60/0.40. Again, these figures were calculated on the 

basis o f the load cycle numbers in the range 500 to 6000. It is also worth mentioning that 

the loading scheme 2w/30-60/0.40 without SDPs-CRs produced 130% and 75%, 

approximately, higher values o f rotation when compared with the rotation that occurred 

for the loading schemes 2w/60-60/0.4 and lw/60/0.40 respectively.

6.4.4.5 Stiffness of the soil-pile system

Figure 6.22 and 6.23 shows that the cyclic stiffness o f the soil-pile system generally 

increase with the number o f load cycles for a range o f loading schemes designed on the 

basis o f load amplitude, loading frequency and loading direction. The most salient 

features o f Figure 6.23 is that the presence o f the SDPs-CRs significantly increases the 

cyclic stiffness o f the soil-pile system when compared with the results for those without 

SDPs-CRs. From this figure, it can be concluded that the cyclic stiffness o f the soil-pile 

system increases from 20 to 50% w'ith the number of load cycles due to the presence o f 

the SDPs-CRs.
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Figure 6.22 Change in cyclic stiffness with num ber o f  load cycles
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due to the presence o f  SD Ps-C R s
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Static lateral load tests were performed on the monopile for the post-cyclic scenario, at 

the end o f 6000 load cycles for the different loading schemes. Figure 6.24, shows the 

percentage change in the corresponding initial tangent stiffness values o f the soil-pile 

system in the presence and absence o f the SDPs-CRs. The presence o f SDPs-CRs 

significantly increased the post-cyclic initial tangent stiffness o f the soil-pile system. This 

increase in stiffness may be attributed to the compaction o f the sand under the action of 

repeated loading. Degradation o f the initial tangent stiffness o f the soil-pile system for 

strain softening soils can be expected as reported by Bhattacharya et al. (2011) for clayey 

soil. It is worth citing that design codes like API (2010) and DNV (2011) take into 

account the initial tangent stiffness o f the soil-pile system for the estimation o f the 

response o f  the pile under lateral loading, particularly when small levels o f strains are 

considered.
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Figure 6.24 Change in the initial tangent stiffness o f the soil-pile system due to the

presence o f SDPs-CRs
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6A.4.6 Variation in bending moment profile

The bending moment distribution M (z) along the embedded length of the monopile 

calculated (see Equation 5.5) for static load tests performed for post-cyclic scenarios are 

presented in Figure 6.25.
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Figure 6.25 Bending moment profile along embedded length o f the monopile; 

(a) For 2W/60-60/0.25; (b) For 2w /30-60/0.10
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These indicate that the depth to the location o f  m aximum  bending moment along the 

em bedded length o f  the monopile is greater when the SD Ps-C R s were installed. This in 

retum  indicates that the active pile length increased due to the presence o f  SD Ps-C R s and 

hence the monopile behaved in a more rigid way (Boom inathan and Ayothiraman, 2007). 

The lower value o f  the bending strain due to the presence o f  SD Ps-C R s is also logical 

because deflection o f  the m onopile was substantially reduced when compared with the 

m onopile without SD Ps-C R s installed.

6.5 Summary of the chapter

6.5.1 Overview of the experimental results involving RA-arrangement

The behaviour o f the m onopile with the attachm ent o f the novel RA-arrangem ent, under 

repeated lateral loads, was investigated through m odel test studies. Based on these 

investigations, the following m ain conclusions can be drawn:

(a) Rotation o f the m onopile decreased as the em bedded length o f the SDPs was 

increased. However, this decrease was also found to be dependent on the 

repeated load characteristics applied during the tests. M aximum reduction was 

observed in the case o f unbalanced tw o-w ay loading and minimum  reduction 

was observed in the case o f one-w ay loading.

(b) W ith due consideration to the construction cost o f the RA-arrangem ent, the 

SDPs having Lsop/L ratio equal to 0.33 is more suitable as compared to 

LsDp/L equal to 0.5 for reducing rotation o f the m onopile .

(c) RA-arrangem ents with vertical SDPs were found to be m ore efficient than 

those with inclined SDPs. The effect o f  inclination o f  the SDPs was also 

found to be m arkedly dependent on the repeated load characteristics applied 

during the tests.

(d) The RA -arrangem ent was found to be less efficient in reducing the rotation o f 

the m onopile when aligned at 45^ to the line o f  action o f  the repeated lateral 

loads.

(e) Further experimental as well as num erical studies are recom m ended to 

optim ize the geometry and configuration o f  the RA -arrangem ent in different 

types o f  soils and to prove its potential applications.
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6.5.2 Overview of the experimental results involving SDPs-CRs

SDPs installed in the form o f CRs around the MP were intended to improve lateral 

stability o f the monopile by providing densification and confinement to the sand. The 

initial results of this novel study are encouraging in relation to its objectives such as:

(a) Installation o f the SDPs-CRs around the monopile installed in dry sand 

substantially reduced (40-65% ) the rotation o f the monopile from its initial 

vertical alignment when subjected to 6000 cycles o f repeated lateral load 

applied under a range o f loading conditions.

(b) The cyclic stiffness o f the soil-pile system was improved by 20-50% , the 

post-cyclic initial tangent stiffness determined during static test also increased 

significantly, starkly contradicting the existing design philosophy for 

monopile based on the p -y  method.

(c) During this experimental programme, 12 different loading scenarios were 

considered, with 6000 load cycles applied in each test. However, only one 

particular geometry (L/D for monopile as well as for the SDPs) was 

considered. In addition, the installation pattern o f the SDPs-CRs was not 

changed. From the authors’ perspective, optimization o f the SDPs-CRs 

geometry is possible through further model studies and numerical simulation.

(d) This novel technique for limiting the rotation o f the monopile under lateral 

loading may prove to be a practical and economical solution in harsh field 

environments such as those for OWTs. Further experimental as well as 

numerical studies are recommended to prove its potential applications.

It is recognized that the response o f sand is stress-level dependent (LeBlanc et al. 2010) 

and hence the prime justification for much o f the use o f centrifuge testing. In recent years, 

model studies on monopiles at \g  have also been conducted at relatively high density 

indexes (> 70%), probably to explore the generic response o f a monopile under long-term 

repeated loads (Peng et al., 2011; Cuellar et al, 2012; Nasr, 2014). Furthennore, the 

whole experimental programme was carried out using dry sand to avoid the issues 

associated with ensuring saturation o f such a large sand sample.
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7 Conclusions and Recommendations

7.1 Introduction

This research work aims to investigate the complex behaviour o f large diameter 

monopiles subjected to long-term repeated lateral loads. Different series o f small scale 

tests were performed under normal gravity (Ig) conditions employing a novel load 

controlled electromechanical loading rig. Analysis o f the experimental results from this 

study further clarifies various blurry issues, identified in existing literature which are 

relevant to rigid monopiles. On the basis o f the experimental data, a model, was 

developed to estimate the rotation of the monopile subjected to thousands o f load cycles 

in the lateral direction which takes into account the characteristics of the load cycle 

effectively, as well. In order to limit the lateral detlection/rotation o f the monopile, two 

novel techniques have been presented. The first one is related to the use o f a ring-arm 

arrangement to the head o f the monopile. The second is related to the installation o f small 

diameter driven piles in the form of concentric rings around the monopile in a dr>’ sandy 

soil. The efficiencies of these two innovative techniques were assessed through two 

different series of tests, and the experimental results were found to be encouraging.

7.2 Development of a new loading rig

A new load-controlled electro-mechanical loading system was developed to apply many 

thousands o f repeated lateral load cycles, in different forms to a Ig  model monopile, with 

full control over the loading direction (e.g. one-way or two-way), amplitude, frequency 

and waveform shape (e.g. sinusoidal, square or haversine). The different loading schemes 

were set-up to produce the following loading scenarios:

(a) One-way loading, when just one load hanger with dead weights was used, 

with the magnitude o f the load wave varying between zero and the applied 

maximum load amplitude.

(b) A balanced two-way loading o f a single waveform shape, when equal weights 

were attached to the two load hangers and both springs had the same length 

and stiffness.
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(c) Partial one-way loading, with the magnitude of the load wave fluctuating 

between the applied maximum load amplitude and a value above the zero 

value.

(d) An unbalanced two-way loading when unequal weights were attached to the 

two hangers.

(e) An unbalanced two-way loading of two different waveform shapes, when the 

loading system was configured to generate two different types of loading 

waves under the two-way loading i.e. the tension force applied to the LHS of 

the pilehead was a sinusoidal wave and the load applied to the RHS could be 

applied as a Haversine wave. Such scenarios were generated by using springs 

with different elastic moduli and/or by changing the locations of the 

attachment points for the load hangers on the chains.

(f) All of the above mentioned loading scenarios (from (a) to (e)) could also be 

applied at a certain loading direction angle {¥) within a range of ±25^’ from 

the main centre line, as shown in Figure 4.6. This could be achieved by 

adjusting the horizontal position of the lower cog(s) relative to the main 

centre line of the monopile (see Figure 4.3, 4.4, 4.5 and 4.6).

The new loading system is easy to operate and the model test results were representative 

of lateral loading under field conditions. Therefore, it is particularly suitable for the 

investigation of monopiles for offshore structural foundations. Compared with the 

equivalent set-up employing pneumatic or hydraulic actuators, the new loading system is 

able to produce a similar performance at cost of €500, approximately and also provides 

more control over waveform shapes.

7.3 Trends in the long-term behaviour of the soil-pile interaction

From the soil-pile interaction, the following trends were observed from the experimental 

results/data:

(a) The curve representing the ‘rotation~number of load cycles’ showed that the

rotation of the monopile from its vertical alignment proceeded in increments 

due the applied repeated lateral loads. This means that the rotation did not 

proceed continuously, but in two distinct phases: (1) plastic deformation 

(rotation) and (2) elastic shake-down. However, the rate at which rotation 

occurred decreased with number of load cycles, but did not reach zero.
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(b) From the test results it was observed that, the pile behaviour was consistent. 

No abrupt failure was observed, but rather a progressive attenuation o f the 

incremental rotation occurred. This behaviour was observed in all tests, 

including those with 16000 load cycles.

(c) A curved conical depression zone in the dry sand was developed around the 

pile when it was subjected to repeated lateral loads irrespective o f the loading 

characteristics.

(d) The cyclic stiffness o f the soil-pile system was found to increase irrespective 

o f the loading characteristics. However, under two-way loading this increase 

tended to stabilise as the number o f load cycles increased.

(e) Lateral soil resistance as derived from the bending strain data was found to be 

highly sensitive to the numerical value of bending strain recorded and the 

degree o f the polynomial used to describe its variation along the embedded 

length o f the pile.

Considering the load cycle characteristics, the following trends were observed from the 

experimental data:

(a) From the series of tests performed, it was found that the characteristics o f the 

repeated lateral loads were more pronounced for the model pile’s fatigue limit 

state than its serviceability limit state.

(b) Two-way loading produced significantly greater rotation o f the model 

monopile from its initial vertical alignment compared with that of one-w ay 

loading.

(c) For two-way loading, unbalanced loads produced greater pile rotation than 

balanced loads.

(d) When compared with the pile rotation at 40 N, significantly greater pile 

rotation was observed at a higher load amplitude o f 60 N, particularly for one

way loading.

(e) In the case of two-way loading, the effect o f loading frequency was not as 

significant as the loading direction or the load amplitude.

7.4 Performance of the RA-arrangement

The behaviour o f the monopile with the attachment o f RA-arrangement, under repeated 

lateral loads, was investigated. Based on the results of these tests the following 

conclusions can be drawn:
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(a) Rotation o f  the m onopile decreased with an increase in the length o f  the small 

diam eter piles (part o f  the RA-arrangem ent). However, this decrease was also 

found to be dependent on the repeated load characteristics applied during the 

tests. The m axim um  reduction (82% to 86%) in rotation was observed in the 

case o f unbalanced tw o-w ay loading, and the m inim um  reduction (25% to 

31 %) was observed in the case o f  one-w ay loading.

(b) For practical purposes, to achieve the best level o f  reduction in rotation o f the 

m onopile with due consideration o f  m aterial cost for the SDPs, the ratio o f 

LsDp/L should be equal to 0.33 instead o f  0.5.

(c) The RA-arrangem ent with vertical small diam eter piles was found to be more 

efficient in reducing the rotation o f  the m onopile than those with inclined 

small diam eter piles. The effect o f  inclination o f  the small diam eter piles was 

also found to be m arkedly dependent on the repeated load characteristics 

applied during the tests.

(d) The RA -arrangem ent was found to be less efficient in reducing the rotation o f 

the m onopile when aligned at 45*̂  to the line o f  action o f the repeated lateral 

loads compared when aligned at 0*̂ .

7.5 Performance of the SDPs—CRs

Small diam eter piles (SDPs) installed in the form o f  concentric rings (CRs) around the 

m onopile were intended to im prove the lateral stability o f  the m onopile by providing 

densification and confinem ent to the sand. The initial results w ere found to be 

encouraging in relation to its objectives such that:

(a) Installation o f  the SD Ps-C R s around the m onopile installed in dry sand 

substantially reduced the rotation o f  the m onopile by 40-65% , from its initial 

vertical alignm ent when subjected to 6000 cycles o f  repeated lateral load 

cycles. This reduction was found to be substantially dependent on the applied 

loading characteristics.

(b) The cyclic stiffness o f  the soil-p ile system was improved by 20-50% . The 

post cyclic initial tangent stiffness determ ined during static testing also 

increased significantly, in contrast to the existing design philosophy for 

m onopiles based on the p - y  method.
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7.6 Recommendations for future research

(a) An additional electric motor with necessary arrangements can be installed in 

order to study the long-term behaviour of a monopile under the combined 

effect o f vertical and lateral loads.

(b) Constant variation o f the load direction angle (?0 is also desirable to simulate 

the multi-directional lateral loading o f a monopile. This scenario can be 

achieved by attaching the lower cog(s) to an additional sliding node(s) and 

articulated arm(s) operated by the torque provided through an additional 

electric motor.

(c) The current research was carried out on a model monopile which was partially 

embedded in a dense sand bed prepared with relative density index in the 

range o f 70-74%. Further testing should be undertaken to evaluate the 

behaviour o f the monopile for other ranges o f relative density and index 

properties o f the soils such as particle shape and size.

(d) The soil-pile interaction should be investigated for different ratios o f the 

embedded length {L) to diameter (D) o f the monopile.

(e) The experimental results obtained from the current investigations should be 

verified through numerical studies, using advanced software packages related 

to geomaterials.

(f) A new predictive method to estimate the pile’s accumulated rotation was 

presented for dense sand beds which takes into account the different 

characteristics o f the applied load cycles. The author recommends further 

investigation o f this framework model for other values o f sand density 

through experimental and numerical studies.

(g) The performance o f the RA-arrangement should be evaluated over a wider 

range o f relative density for sand and other types o f soil.

(h) Plain surfaced small diameter piles were used for all tests, however, from the 

author’s perspective the efficiency o f the RA-arrangement can be 

substantially improved if  the outer surface o f these piles is roughened or 

helical piles are used.

(i) The performance o f the RA-arrangement was investigated by inclining the 

small diameter piles at 15°, only. Further testing should be conducted to 

optimise the angle o f inclination o f the small diameter piles.
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(j) In relation to SDPs-CRs, 12 different load cases were considered, with 6000 

load cycles applied in each test. However, only one particular geometry, L/D 

for the monopile as well as for the SDPs, and dense sand was investigated. In 

addition, the installation pattern o f the SDPs-CRs was not changed. From the 

author's perspective, optimization of the SDPs-CRs geometry and 

installation pattern is possible through further model studies and numerical 

simulation.

(k) The efficiency o f the SDPs-CRs for different relative density values o f sand 

and different types o f soil should be investigated.
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This paper reviews various issues related to  w ind-pow er generation, one of the more popular forms o f renewable 

energy, including attractions and challenges of electric pow er generation through onshore and offshore resources. 

Significant increases in w ind-turbine dimensions, rated power-generation capacity and size of w ind farm developments 

over the past tw o  decades are projected to  continue. Offshore w ind-pow er generation presents many engineering 

challenges including: limited guidelines available for analysis and design of foundation/support structures; inadequate 

logistics for construction/fabrication; and comparatively expensive operation and maintenance costs, which combined 

result in current levelised cost of energy approximately double that for onshore w ind-pow er generation. D ifferent o ff

shore foundation options are discussed in terms of general layout, loading characteristics and related fundamental 

natural frequency. Outlooks for some new  approaches/developments and areas for further research are identified that 

may go towards reducing the levelised cost of energy for w ind-pow er generation more in line w ith  th a t from other 

energy resources, thereby enhancing the attractiveness of this industry for potential investors.

Notation
A scalar
E l  bending stiffness

/nai first natural frequency
. /w in d  probability  density function
k shape factor quantifying width o f wind-speed distribution
L  strut length
M  turbine mass
^ 1 0  w ind speed at 10 m elevation above mean sea level or 

typically at hub height for OWTs 
V - mean wind speed at elevation z above mean sea level
IP first excitation frequency
3P blade passing frequency for three-bladed turbine 
a  scalar
)x strut mass per un it length
V W eibull random variable

1. Introduction
W ind-power turbines harness the kinetic energy o f the wind, 
providing the motive force to rotate turbine blades and 
develop, by way o f a drive shaft, the mechanical power to

generate electricity. W ind turbines are categorised by axis o f 
ro ta tion o f the main ro to r shaft (either horizontal or vertical 
axis) and whether they are located onshore or offshore (Tong.
2010). For modern commercial w'ind turbines, the main ro to r 
shaft is horizontally aligned. Rated power-generation capacity 
is mainly dependent on ro to r diameter and wind speed 
(IR E N A , 2012); fo r example, i f  wind speed increases two-fold, 
its energy content increases eight-fold. Two key speed terms 
are ‘cut-in speed', at which the wind turbine begins to 
produce power, and ‘cut-out speed' at which the turbine must 
be shut down to protect the ro to r and drive-train machinery 
from  possible damage (Sorensen et a).. 2009; Tong. 2010).

Between 2000 and 2011. global wind-pow'er capacity approxi
mately doubled every 3 years, w ith an estimated total power 
generation o f 238 GW  achieved by the end o f 2011; China, 
the USA and Germany arc the top industry players (GW EC,
2011). A lthough the market is still dominated by onshore, 
w ith  significant onshore wind resources yet to be explored, the 
offshore w ind market is growing rapidly. G lobal tota l installed 
capacity fo r offshore o f 312 G W  was generated by the end o f
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2010, w ith 1 1 6  G W  added  in 2010 alone -  a 59-4%  increase on 
the  p rev ious year (W W E A , 2011). T o ta l o ffshore  w ind-pow er 
capacity  in E urope  reached  2-90 G W  by the end o f  2010, with 
0-88 G W  ad d ed  in 2010; again  this represen ts a significant 
increase o f  43.6%  on  the  p revious year. T his occurred  a t the 
sam e tim e as on sh o re  new -capacity  ad d itio n s declined by 13% 
(W W E A , 2011).

T he size o f  o ffshore  w ind farm s is also  increasing , with 2010 
d a ta  ind ica ting  th a t the  average size o f  an o ffshore  w ind farm  
in term s o f  pow er o u tp u t was 155 M W  -  m o re  than  double 
the  average w ind farm  size o f  72 M W  fo r 2009 (EW EA ,
2011). P relim inary  d a ta  fo r 2011 suggest th a t offshore  w ind- 
pow er capacity  in E urope  increased by 0-86 G W  (EW EA ,
2012), w ith the  o ffshore  m ark e t likely to be d riven  by m ainly 
the  U K  and  G erm an y , a lthough  F rance  an d  Sweden also 
have significant p ro jec ts im m inent. Collectively the E uropean  
U n ion  (E U ) has p lans to generate  ap p ro x im ate ly  40 G W  from  
offshore  w ind by 2020 (E W E A , 2009). In its 2008 com m uni
ca tio n  on  offshore  w ind energy, the E u ro p ean  C om m ission 
an tic ip a ted  offshore  w ind can and  m ust m ake a substan tia l co n 
tr ib u tio n  to  m eeting the E U 's  energy policy objectives th rough  a 
very significant increase -  in the o rd er o f  30 to  40 tim es by 2020 
an d  100 tim es by 2030 -  in installed  capacity  co m p ared  to  today  
(E C N , 201 la).

In terest in offshore  w ind pow er is also increasing  in o th er 
regions o f  the w orld , w ith, for exam ple, C h ina, the U SA  and 
Sou th  K o rea  p lan n in g  to  generate  6-0 and  3-0, 2-5 G W . respect
ively. by 2020. B uilding on  th is. C h ina  and  the U SA  have 
am b itio u s p lan s to generate  65 and 54 G W , respectively, from  
offshore  w ind by 2030 (A W EA , 2012; M usial and  Bonnie, 
2010 ).

A significant hurd le  fo r the offshore  m ark e t, how ever, is the 
high initial cap ital investm ent costs o f  the p ro jec t, w hich is 
re la ted  to: in ad eq u ate  and (or) po ten tially  unre liab le  design 
guidelines fo r o ffshore  w ind-tu rb ine  (O W T ) installations, 
especially  fo u n d a tio n  structures; m ore s tringen t requirem ents 
fo r d u rab le  co n stru c tio n  m ateria ls to w ith stan d  the harsh  
m arine  en v ironm en t; h igh-tech equ ipm en t requ irem ents for 
on-site  o p e ra tio n  an d  also shortage  o f  tra in ed  m anpow er 
(M usia l and  B onnie, 2010). In ad d itio n , the next generation  o f  
O W T s will be installed  a t g reater d istances o ffshore  and  hence 
in g reater w ater dep ths (see Section 4). C o m p ared  w ith 
o n shore , a ttrac tio n s  o f  offshore  w ind-pow er gen era tio n  gener
ally include: longer life-span o f  O W T s on  acco u n t o f  less fluctu
a tio n  o f  w'ind speed; availability  o f  am ple  free space for 
in sta lla tion ; consisten tly  h igher w ind speeds and  generally 
reduced adverse  env ironm ental effects (D am ien  an d  M o, 2002).

T h is review p ap er considers the follow ing aspects o f  the wind 
industry

■ trends in geom etric  size and ra ted  pow er-generation  
capacity  o f  o n shore  and offshore wind tu rb ines

■ cost analyses
■ d ifferen t fou n d a tio n  o p tions available, includ ing  features 

o f exem plary  structures, w ith p a rticu la r focus on O W T  
struc tu res

■ challenges an d  a ttrac tio n s  o f  w ind-pow er generation .

R ecom m endations for fu tu re  research  and  practice  are  also 
p ro p o sed  to  m ake offshore  w ind energy co m p arab le  with 
o th e r sources o f  renew able energy.

2. Trends in geom etric size and ra ted  pow er 
capacity of offshore w ind tu rb ines

Figure  1(a) show s the m ain  com ponen ts o f  an  O W T  system , 
including a typical m onopile  fo u n d a tio n , the  substru c tu re , tra n 
sition  piece, tow er, ro to r  blades and  nacelle (hub). M odern  
O W T s are  installed  w ith e ither p itch-regulated  blades o r va ri
able ro ta tio n a l speed system s in o rder to allow  o p tim isa tion  
o f  pow er p ro d u c tio n  over a wide range o f  p revailing  wind 
speeds. T he ro ta tio n a l speed o f the m ain ro to r  shaft is typically 
betw een 10 and  20 rpm  (A lderlieste, 2010; M a lh o tra , 2011). The 
nacelle (F igu re  1(b)) con ta ins key electrom echanical com 
p on en ts o f  the  w ind tu rb ine , including the  gearbox  and 
g en era to r. O p eratio n al details o f  these co m p o n en ts  have been 
rep o rted  by M aria  (2009) and T o n g  (2010). T h e  gearbox m ay 
cause efficiency losses for the wind tu rb ine  an d  is a p a rticu la r 
source o f  noise. R ecent developm ents in the design o f  p e rm a
nent m agnet gen era to rs have m ade it possible to co n stru ct 
som e types o f  w ind tu rb ines w ithou t the  requ irem ent fo r a 
gearbox. In this case, the  ro to r  is connected  d irectly  to a low- 
speed m ulti-po le  g en era to r th a t ro ta tes  a t the  sam e speed, 
term ed  a d irect-d rive  un it. R em oving the  gearbox  rem oves 
one o f  the  key co m p onen ts requ iring  m ore m ain tenance  and 
th a t is p ro n e  to  failure. T his sim plification o f  the m echanical 
p a r t allow s red u ctio n s in size and m ass o f  the nacelle (T reehug- 
ger, 2011).

T he su b stru c tu re  connects the tran s itio n  piece o r tow er to  
the fo u n d a tio n  a t seabed level. In Figure' 1(a), a m onop ile  is 
show n as the  fo u n d a tio n  system , a lth o u g h  o th e r  fo u n d a tio n  
types, discussed la te r in the p aper, m ay also  be used. 
T o g eth er the  tow er, su b stru c tu re /su p p o rt s tru c tu re  and fo u n 
d a tio n  m ain ta in  the tu rb ine  in its correct opera tio n a l 
position . T he tran s itio n  piece provides a  m eans o f  correcting  
fo r any vertical m isalignm ent o f  the fo u n d a tio n  th a t m ay 
have occurred  du rin g  its in stallation . In som e cases, the fo u n 
d a tio n  can  extend to  above the  w ater surface, thereby  also 
serving as a  su b stru c tu re  by connecting  d irectly  to  the t ra n 
sition  piece o r  tow er.

F igure 2 show s the steady increase in ro to r  d iam e te r and ra ted  
pow er capacity  (R P C ) o f  wind tu rb ines installed  over the past
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1. Blade
2. Blade support
3. Pitch angle actuator
4. Hub
5. Spinner
6. Main support
7. Main shaft

8. Aircraft warning lights
9. Gearbox

10. Mechanical brakes
11. Hydraulic cooling devices
12. Generator
13. Power converter and electrical control, 

protection and disconnection devices

(b)

14. Transformer
15. Anemometers
16. Frame of the nacelle
17. Yaw driving device
18. Supporting tower

Figure 1. Major components o f OWT system: (a) w ind-turbine 
system; (b) electromechanical parts adapted from  
ABB (2012); (c) details o f monopile and transition piece

three decades. In particular, between 1990 and 2010. the RPC 
increased from  typically 0-5 to 7-5 M W  and ro to r diameter 
from  approximately 40 to 150 m (EW EA, 2011b). Offshore 
wind turbines having 250 m ro to r diameters and w ith 
RPC > 20 M W  are currently in the research and development

phase (EW EA. 2011b). Table 1 presents correlations deter
mined from  data o f more than 150 modern, utility-scale wind 
turbines which can be used to approximate the size and mass 
o f different O W T components, considering RPC as a key 
driving input.
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F ig u re  2. Increase in rotor diameter and RPC of wind turbines

3 . Cost analysis of w ind-pow er genera tion
A pproxim ately  7 0 -75%  o f  the to ta l cost o f  offshore w ind-pow er 
production  is related  to initial capital investm ent costs, including 
that o f  the turb ine, foundation , electrical equ ipm ent and grid 
connection (K ooijm an  el  al.. 2001; Soren el  al.. 2009). The 
ievelised cost o f  energy ' (L C O E ) is the p rim ary  m easure for 
quantifying and co m p arin g  underlying econom ics o f  power 
projects (Fischer, 2011). F o r w ind-pow er systems, L C O E 
represents the sum o f  all costs, including capital cost, operation  
and m aintenance costs, and also expected annual energy 
p roduction  (C am bell, 2008; Soren el  al., 2009) for a fully 
operational w ind-pow er system over the p ro jec t’s lifetime, with 
financial flows d iscounted  to  a com m on year. H ow ever, empirical 
m ethods th a t use the  m ore extensive d a tab ases currently  avail
able for o nshore  w ind-pow er projects in estim ating  the L C O E 
for new offshore p rojects are no t reliable (IR E N A . 2012).

Between 40%  and 70%  o f  costs for conventional fossil-fuel-fired 
technologies are related to  fuel, operation  and m aintenance 
(Soren el  al.. 2009). Hence, since fuel costs have no  im pact on 
w 'ind-power generation costs, wind turbines a re  m ore capital 
intensive com pared w ith fossil-fuel-fired technologies. In  C hina 
fo r instance, the L C O E  for onshore  wind w as alm ost 300%  
and 200%  m ore cosily com pared  with electric pow er generation  
from  natural gas and  coal, respectively (Y F H , 2011), a lthough 
such cost com parisons a re  som ew hat dependent on the accuracy 
o f  projected trends for the costs o f  fuel, o th er com m odities and 
logistic facilities. Initial capital investm ent costs for offshore are 
approxim ately  double  (Y F H , 2011) and  m ay reach  up  to three 
tim es th a t for onshore  w’ind-pow er projects having sim ilar 
pow er generation capacity  on  account o f increased investm ent 
required  in tran sporta tion  o f  m aterials and turbines, construction  
and  installation  o f  foundations, equipm ent and turbines a t sea

Parameters Correlation

Rotor d iam ete r  (D, in nn) and RPC (MW)

Rotor speed  (/?speed. ' 'pm) s n d  RPC (M W )

Hub height (HH) an d  rotor d iam eter  (D)

Hub mass including pitch, bearing and  driver system (M(pb+ds), in t) and  RPC (MW) 

Rotor mass including hub, pitch system and  blades (M(hb+ps+bi)- in t) and  RPC (MW) 

Mass of main rotor shaf t  (/W(ms). in t) and  RPC (MW)

Mass of main bearing (M(mb), in t) and  RPC (MW)

Mass of rotor, drive-train support  structure  a n d  nacelle (/W(r+d+n), in t) and  RPC (MW)

Mass of all c o m p o n e n ts  a t  to p  of to w e r  (A//(thm), in t) and  RPC (MW)

Table 1. Effect of RPC on size and  mass of wind-turbine 
c o m p o n e n ts  (Tong, 2010)

D =  59354(R PC )° ''^

/?speed =  22-781(RPC)-°'35®=
HH =  D/0-255(D)°'^‘’“

/W(pb+ds) =  8 -5 4 2 1 (R P C )'"® '‘ 

M(hb+ps+bO= 18-453(RPC)''3=" 

( M ( r r , s ) )  =  0 -2 4 1 5(RPC)^ +  3 0699(RPC) 

=  0-1246(RPC)^ +  1 2623(RPC) 

M(r+d + n) =  37-45(RPC)°'^®'’
M(thm) =  5 5 -9 2 16(R PC )'°"^ '
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and laying offshore cables (IR E N A , 2012; M artin  el a i.  2004). 
The trend for O W T installations at increasing distances ofTshore 
and hence location in greater water depths constitutes a signifi
cant factor in the cost analysis for offshore projects. Cost 
comparisons between onshore and offshore wind-power technol
ogies should be based on evaluations for a specific region and/or 
country (EEA, 2009). Table 2 shows comparisons between costs 
for different components o f onshore and offshore wind-energy 
projects.

For wind-power generation, the overall contribution o f operation 
and maintenance (O & M ) costs to the LCOE is significant and also 
site specific. Data from different countries including the USA, 
China and many European countries indicate that O & M  costs 
for onshore wind power account for between 11 % and 30% o f 
the total LCOE (IR E N A , 2012). The lowest contribution o f 
USSO-OlO/kW was reported for the USA, w ith approximately 
USS0.013-0.015/kW reported for best practice in Europe 
(IR E N A , 2012). However, O & M  costs for offshore are signifi
cantly greater on account o f higher costs incurred in accessing 
and maintaining the wind turbines, towers and cabling. In the 
U K . for example, Feng ct al. (2010) reported O & M  costs for 
offshore wind-power projects in shallow water depth were 
approximately 1 • 5 times that for onshore projects. Offshore main
tenance costs are also higher on account o f the harsher marine 
environment and higher expected failure rates for some electrical 
and mechanical components. In general, O & M  costs for offshore 
wind power are typically in the range US$0-027-0-054/kWh 
(ECN, 2011b). Many existing offshore wind farms are only at 
the beginning or early stage o f their deployment phase. Since 
data on their O & M  costs remain highly project specific, it w ill 
be some time before observable trends emerge and means o f redu
cing these costs are identified. Offshore maintenance facilities may

also be necessary to ensure smooth operation o f the next gener
ation o f OWTs to be installed at greater distances from the 
shore line. Hence it is clear that the reduction o f O & M  costs for 
offshore wind farms is a key challenge, and once addressed, 
may improve the economics o f offshore wind energy (Douglas- 
Westwood Lim ited, 2002; IR E N A , 2012).

In Europe, LCOE estimates o f between 0-10 and 0-13 USS/kWh 
were reported by lE A  (2009) for onshore wind in 2011. assum
ing a typical capacity factor (ratio o f average power delivered to 
theoretical maximum power) for new’ onshore projects o f 
between 25% and 30%. For a given capacity factor, assumed 
cost reductions achievable by 2015 may allow reductions in 
LCOE o f between 6% and 7%. In N o rth  America, the LCOE 
fo r onshore wind having a capacity factor o f 30% was estimated 
at between 0-10 and 0 ! l U S $ / k W h  for 2011. By 2015, 
anticipated cost reductions fo r a given capacity factor may 
allow reductions in LCOE o f between 5% and 9% (Wiser and 
Bolinger, 2011). Compared w ith Europe and N o rth  America, 
LCOE estimates fo r onshore wind power in China and India 
were significantly lower at between 0-07 and 0 08 USS/kWh 
(2011 data) fo r a capacity factor o f 25%. However, since 
China and India already have very competitive installation 
costs for w ind-power projects compared to the norm in other 
developed countries, opportunities fo r further cost reductions 
are comparatively smaller. By 2015, average installation costs 
may also increase somewhat on account o f projected increases 
in engineering project costs, manufacturing costs for wind 
turbines in emerging economies and/or the supply situation 
becoming tighter (E.ON Climate &  Renewables, 2011).

As a general trend, the LCOE for offshore w ind-power gener
ation around the globe is typically almost double that o f

Item O ffshore Onshore

Initial capita l investm ent cost: US$/kW  3 3 0 0 -5 0 0 0  1700-2450

W ind-tu rb ine  cost, including production, transportation and installation: % o f initial capital investment 

cost

3 0 -5 0 6 5 -8 4

Cost o f grid connection including cabling, substations and buildings: %  o f in itial capital investment 

cost

1 5 -30 9 -1 4

Construction cost including foundation , transporta tion and installation o f tow er and turb ine and other 

infrastructure (e.g. access roads fo r onshore) necessary fo r tu rb ine installation: %  o f initial capital 

investment cost

1 5 -25 4 -1 6

O ther capital costs including developm ent and engineering costs, licensing procedures, consultancy. 8 -3 0 4 -1 0

perm its, supervision, con tro l and data acquisition, m on ito ring  systems: % o f in itia l capital investment 
cost

T ab le  2. Cost comparisons fo r o ffshore  and onshore w ind  projects 

(D ouglas-W estw ood Lim ited, 2002; Henderson e t al., 2003;

IRENA, 2012; Junginger e ta ! . ,  2004; Kooijm an e f a/., 2001)
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onshore having similar capacity factors (R oddy et a i, 2009). 
For instance, reported ratios o f LCOE for offshore to 
onshore wind-power projects were 1-3 for Denm ark and 1-46 
for the UK (Feng et a l. 2010; K rohn a  a i, 2009). Between 
2009 and 2011, the overall trend in the LCOE for offshore 
wind power continued to increase gradually, compared with 
onshore, which typically showed a small reduction (BN EF, 
2011). Hence the LCOE for offshore wind power is likely to 
remain greater than for onshore (even taking into account 
higher capacity factors achievable offshore) and will probably 
remain so, given the significant challenges involved in reducing 
capital and O&M costs (Tricklebank, 2008). The main reason 
for this is the trend o f increasing distance offshore (and hence 
greater water depth) necessary for the next generation of off
shore wind-farm operations, which leads to increased costs in 
all aspects o f the supply chain. Turbine prices are increasing 
due to necessary design improvements to achieve greater 
reliability in the harsh marine environment and also on 
account o f larger, more sophisticated wind turbines necessary 
to increase capacity factors (M aria, 2009). C onstruction and 
cabling costs also increase as a function of water depth/distance 
offshore. However, encouragingly, a recent study performed in 
China (lEA, 2011) indicated that by 2020, 2030 and 2050, initial 
capital investment costs for offshore wind-pow'er projects 
located in up to 50 m water depth are estimated to reduce by 
25% , 36% and 50%, respectively, com pared with current 
initial capital investment costs (2010 data). Furtherm ore a 
33% reduction in O&M costs was predicted by 2030, although 
no further reduction was anticipated between 2030 and 2050. In 
Europe, respective reductions o f 15% and 20% in initial capital 
investment and O&M costs are estimated to occur between 2006 
and 2015, although further reductions o f approximately 10% in 
initial capital investment costs are expected for offshore wind- 
power projects between 2020 and 2050 (CEC. 2007: Soren 
et al.. 2009).

4. Foundation systems
Support structures/foundations for offshore wind farms are 
generally more complex than for onshore, involving greater 
technical challenges, including design requirements to w ith
stand the harsh m arine environment and prolonged im pact 
under large wave loading (see Figure 3). The various support 
structure/foundation concepts employed (Figure 4), which 
have been adopted from the offshore oil and gas industry, are 
usually categorised as either bottom -m ounted structures (i.e. 
rigidly connected to  the seabed through a foundation system) 
or floating-support structures that have no rigid connection 
with the seabed. The foundation solution adopted depends on 
local seabed conditions, water depth and financial constraints 
(AWS True wind, 2010; Igoe ct a!.. 2013).

At present, monopiles (Figures 4(b) and 4(c)) are by far the most 
widely adopted substructure-foundation system for modern

A m bien t  tu rb u len c e

W ak e  tu rbu lence  !' I|
O pera tional an d  
accidenta l loads

Icing
Marine
gro w th

Waves Ship im pac t

Currents

Seabed
Scour

F ig u re  3 . E nv i ronm en ta l  im p a c t s  o n  OWTs

oft'shore wind farms located in shallow water depths (< ~ 4 0  m). 
Such monopiles consist o f a steel tubular section (pipe pile), 
typically 4-6 m in diameter and up to 1000 t in mass, which trans
fers the applied vertical and larger lateral loading into the seabed 
foundation. Its complete installation is usually achieved within 
24 h (Fischer. 2011; Junginger et ai, 2004; Saleem, 2011). 
Cyclic lateral and moment loading on the monopile are resisted 
by horizontal earth pressures mobilised in the surrounding soil 
along the monopile embedded length. The monopile embedment 
length is dependent on seabed characteristics/properties and total 
applied load. An embedment length of 30 m is usually deemed 
sufficient to meet design criteria, including vertical stability and 
horizontal deflection requirements (Musial and Bonnie, 2010; 
Tricklebank, 2008).

Braced support structures (i.e. tripod and jacket/truss) are more 
suitable for deeper water and heavier turbines (Esteban et a i, 
2011; Fischer, 2011). Tripods consist o f a large-diameter 
central steel tubular section that is supported over its lower 
length by three braces (Figure 4(d)), which are connected to 
the seabed. A range o f different foundations can be employed 
including gravity bases, suction buckets or piles. In this 
manner, the structural and environmental loads applied on 
the OW T and the supporting structure are mostly transferred 
axially through the braces to the seabed foundation. Complete 
installation o f a tripod foundation system with, for example, a 
water surface to seabed length of up to 50 m and mass of up 
to 700 t, typically takes between two and three working days, 
often requiring special equipment for driving/drilling and 
working under water (Esteban et a i, 2011; Fischer, 2011). A 
jacket/braced frame structure (Figure 4(e)) is a lattice frame
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Figure 4. Support structure/foundation options fo r OWTs:
(a) gravity; (b) monopile; (c) monopile w ith guy wire; (d) tripod;
(e) braced frame; ( f ) tension leg w ith  suction buckets (ballast stabilised); 
(g) buoy w ith  suction anchor

o f smail-diameter steel struts that (sim ilar to tripods) is 
anchored to the seabed using one o f the different foundation 
options. Complete insta llation generally takes up to 3 days. 
Braced frame structures are particularly suitable fo r severe 
maritime weather since the strut components offer lower resist
ance to prevailing ocean w'ave and current flow in comparison 
w'ith monopile or tripod structures. Braced frame structures 
are also more adaptable to conditions encountered on site, 
increasing their application range, w ith geometrical variations 
o f the substructure achieved relatively simply but w ithou t alter
ing the stiffness o f the whole structure (Vries, 2007).

In the future, it is anticipated that floating structures, w'hich are 
currently only at research and development stage, w ill be com
mercially used, particularly fo r water depths greater than 50 m 
(Saleem, 2011). Such floating platforms fo r wind turbines w ill 
impose many new design challenges. Currently, tension-leg 
platform concepts (see Figure 4(f)) are considered as most 
economical (Fischer, 2011) because rigid body modes o f the 
floater are lim ited to horizontal translation (surge and sway)

and rotation around the vertical axis (yaw). Other examples 
include spar-floater and barrage-floater systems. For the spar- 
floater (Figure 4(g)), buoyancy is provided to the w’ind-turbine 
stnicture by a long, slender cylinder/capsule that protrudes 
below the water line (Esteban et a l.  2011; Fischer, 2011; Vries, 
2007). For the barrage floater, the wind-turbine structure is 
placed on a barrage and attached by way o f anchor lines to the 
seabed.

From  the various foundation systems described above, mono
piles are currently by far the most popular solution used 
worldw ide, w ith  75% share, in comparison w ith only 5% for 
jacket/tripod options (E.ON Climate &  Renewables, 2011). 
However, it is estimated that by 2020, between 50% and 60% 
o f  new OWTs w ill be supported by monopiles and a further 
35-^0%  by jacket/tripod systems (Babcock and Brown 
Company, 2012). The main reason fo r this shift is the attraction 
o f jacket ./tripod systems for deeper sea locations, which provide 
consistently higher wind speeds and hence greater wind energy 
(Tempel and Molenaar, 2002).
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5. Comparison of environm ental loading for 
offshore and onshore wind-turbine 
structures

O ffs h o re  w in d - tu rb in e  s tru c tu re s  a re  des ig n ed  to  resis t lo ad in g  

f ro m  h y d ro d y n a m ic , a e ro d y n a m ic  a n d  a lso  ice a n d  sh ip -im p ac t 

so u rces , w h ereas  o n sh o re  s tru c tu re s  a re  p rin c ip a lly  d esigned  to  

w ith s ta n d  a e ro d y n a m ic  lo ad in g . A e ro d y n a m ic  lo a d in g  resu lts 

f ro m  in te ra c tio n s  o f  th e  ro to r  a n d  p a r ts  o f  th e  to w e r  w ith in  the 

tu rb u le n t  a ir  field, w ith  th e  g en e ra ted  w in d  p o w e r  d irec tly  p ro 

p o r t io n a l  to  th e  cu b e  v a lu e  o f  m e a n  w in d  speed . A e ro d y n a m ic  

c o n d i t io n s  fo r  o f fs h o re  a n d  o n s h o re  sc e n a r io s  a re  m a rk e d ly  

d if fe re n t, w ith  c o n s id e ra b ly  lo w er f lu c tu a tio n  in  lo a d in g  

e x p e r ie n c e d  fo r  o f fs h o re  o n  a c c o u n t o f  a s so c ia te d  free -flow  c o n 

d i t io n s  a n d  lo w er s u rfa c e  ro u g h n e ss , a l th o u g h  a d v a n ta g e s  o f  
re d u c e d  d y n a m ic  lo a d in g  a re  p a r t ly  u n d o n e  b y  h ig h e r  m ean  

w in d  sp e ed s  (F is c h e r . 2011: T r ic k le b a n k , 2008). In  g en e ra l, 

a e ro d y n a m ic  lo a d in g  ca n  be  c h a ra c te r ise d  by  (D N V , 2011)

■ v e rtica l w in d  p ro file

■ m e a n  w in d -sp e e d  d is tr ib u tio n

■ tu rb u le n c e  effec ts.

F o r  o f fs h o re , su rfa c e  ro u g h n e ss  is low , in c re a s in g  o n ly  m a rg in 

a lly  in  th e  e v e n t o f  se v ere  sea  s ta te s  w ith  h ig h  w av es . H e n c e  w in d  
sp e ed  in c rease s  sh a rp ly  w ith  in c re a s in g  e le v a tio n  a b o v e  sea 

level, p ro d u c in g  very  s te ep  w in d -sp eed  p ro file s  c o m p a re d  w ith  

o n s h o re  sites . T h e  m e a n  v a lu e  o f  lO m in  w in d -sp e e d  d a ta  

(e i th e r  m e a s u re d  a t  a  re fe ren ce  e le v a tio n  o f  10 m  a b o v e  m ean  

sea  level o r  u su a lly  d e te rm in e d  a t h u b  h e ig h t fo r  O W T s) is 

r e fe rre d  to  a s  w in d  speed  L'lo. T h e  m e a n  w in d  speed  U.  a t 

so m e  o th e r  e le v a tio n  z ab o v e  m e a n  sea level c a n  be  a p p ro x i

m a te d  by

p ro b a b i l ity  d e n s ity  fu n c tio n  (/wind) o f  a  W eib u ll r a n d o m  v a r i

a b le  V is g iven  by

1 .
0 : =

w h e re  v a lu es  o f  a  ra n g e  b e tw een  0-11 a n d  0-40 d e p e n d in g  o n  site 

lo c a tio n :  fo r  e x a m p le , a  =  0-11 fo r  o p e n  sea c o n d it io n s , 0 1 6  fo r 

g ra s s la n d  a n d  0-40 fo r  c ity  c e n tre /u rb a n  e n v iro n m e n ts  (H a r ito s , 

2 007 ; J o u rn e e  a n d  M a ss ie , 2001).

F o r  o f fs h o re  sites , s te e p  p ro files  o f  w in d  sp e ed  fo r  th e  v ertica l 

d ir e c tio n  u su a lly  n e c e ss ita te  lo w er h u b  h e ig h ts , w ith  m in im a  

v a lu e s  g e n e ra lly  d ic ta te d  by  c le a ra n c e  lim its  to  th e  tu rb in e 's  

se rv ice  p la t fo rm  (see F ig u re  1(a)). P e r io d ic  lo a d in g  effec ts a re  

a ls o  re d u c e d  since th e  d iffe ren ce  in m e a n  w in d  sp e ed  b e tw een  

u p w a rd  a n d  d o w n w a rd  m o v in g  b la d e s  is lo w  (F is c h e r , 2011). 

In  c o n t r a s t ,  th e  g a in  in  w in d  en e rg y  w ith  in c re a s in g  h u b  

h e ig h t is th e  d r iv e r  f o r  o n s h o re  d es ig n . W in d -sp e e d  d is tr ib u tio n , 

w h ic h  a lso  d if fe rs  b e tw een  o n sh o re  a n d  o f fsh o re , is g en e ra lly  

d e sc r ib e d  b y  a  W eib u ll d is tr ib u tio n  fu n c tio n  (D N V , 2011) 

th a t  q u a n tif ie s  th e  p ro b a b il ity  o f  d if fe re n t m e a n  w in d  speeds 

o c c u r r in g  o v e r  a  g iv en  tim e  p e r io d  a t  th e  s ite  lo c a tio n . T h e

w h ere  ^  is a  sc a la r  a n d  k  is a  sh a p e  fa c to r  th a t  q u a n tif ie s  th e  

w id th  o f  th e  w in d -sp eed  d is tr ib u tio n .

T h e  v a lu e s  o f  A  a n d  k  a re  la rg e r  f o r  o ffsh o re , in d ic a tin g  h ig h e r  

p ro b a b il ity  o f  g re a te r  w in d  sp e ed s  c o m p a re d  w ith  o n sh o re  

(F is c h e r , 2011; T ric k le b a n k , 2008). G re a te r  d iffe ren ces in 

w in d -sp e e d  d is tr ib u tio n s  o v e r  tim e  fo r  o f fsh o re  c o m p a re d  

w ith  o n s h o re  p ro d u c e  h ig h e r  levels o f  m e a n  w in d  lo a d  a n d  

h en ce  g r e a te r  p o w e r  o u tp u t .  L o n g -te rm  v a r ia t io n s  in w in d  

speed  a re  s ig n if ican t in te rm s  o f  p re d ic tin g  e n e rg y  y ield  f ro m  a 

w in d  tu rb in e , w h e re a s  s h o r t- te rm  f lu c tu a tio n s  a re  m o re  re lev an t 

f o r  g e n e ra te d  w in d  lo ad s . T h e  d e g re e  o f  tu rb u le n c e  (d efin ed  as 

m o m e n ta ry  d e v ia tio n s  f ro m  th e  m e a n  w in d  sp eed ) d e p e n d s  o n  

m e te o ro lo g ic a l a n d  g e o g ra p h ic a l  c o n d it io n s , fo r  ex am p le , 

a tm o s p h e r ic  la y e r in g  a n d  te r ra in . T h e  m a in  c o n tr ib u to r s  to  

e x tre m e  lo a d in g  a n d  fa tig u e  a re  s to c h a s tic  e ffec ts  in s h o r t

te rm  f lu c tu a tio n s  o f  w in d  sp e ed , su c h  a s  tu rb u le n c e  tra n s ie n t  

e v e n ts  su c h  as g u sts  ( Q u a r to n  er a /,, 1996). A  m e a su re  fo r  tu r b u 

lence is tu rb u le n c e  in ten sity ; th e  r a t io  o f  th e  s ta n d a rd  d e v ia tio n  

o f  w in d  speed  to  m ean  w in d  speed  fo r  a g iven  tim e  p e r io d  

(D N V , 2011). F o r  a  p a r t ic u la r  s ite , tu rb u le n c e  in te n s ity  c o r re 

la te s  w ith  w in d  speed  a n d  su rfa c e  ro u g h n e ss ; h ig h e r  w in d  

speed  a n d  lo w er su rfa c e  ro u g h n e s s  p ro d u c e  lo w er tu rb u le n c e  

(V ries , 2007). S ince w in d  is th e  p r im a ry  e n e rg y  so u rc e  fo r  

o c e a n  w aves , h ig h e r  w in d  sp e ed  m a y  p ro d u c e  m a rg in a l 

in c rease s  in tu rb u le n c e  o n  a c c o u n t  o f  e n su in g  in c rease s  in 

ro u g h n e ss  o f  th e  o cean  su rfa c e  (L e tc h fo rd  a n d  Z a c h ry , 2009). 

A n o th e r  a sp e c t o f  f lu c tu a tin g  w in d  speed  is tu rb u le n c e  

in d u c e d  in w a k e  c o n d it io n s  (see F ig u re  3). A m b ie n t n o n 

o b s tru c te d  tu rb u le n c e  is th e  ‘n o r m a l’ tu rb u le n c e  e x p e rien ced  

by  a  s ing le  s ta n d -a lo n e  tu rb in e  a t  a  p a r t ic u la r  site  (F ra n d s e n  

a n d  T h o g e rse n , 1999). W a k e  e ffe c ts  ca n  be  s ig n if ican t, e sp ec ia lly  

fo r  d en se  w in d -p a rk  la y o u ts , w h e re  n e ig h b o u r in g  tu rb in e s  

ex p e rie n c e  a  s u p e rim p o s e d  tu rb u le n t  w in d  c o m in g  f ro m  th e  

a m b ie n t a n d  w ak e .

S ince  su rfa c e  ro u g h n e ss  a n d  h e n c e  a m b ie n t tu rb u le n c e  a re  lo w er 

fo r  o f fs h o re  sites , th e  c o m b in a t io n  o f  a m b ie n t a n d  w ak e- 

in d u c e d  tu rb u le n c e  is a lso  c o m p a ra tiv e ly  lo w er a l th o u g h  w a k e  

fie lds re m a in  lo n g e r  in th e  a tm o sp h e re  c o m p a re d  w ith  

o n sh o re . T h e  fre q u e n c y  o f  e n e rg y -ric h  w 'ind tu rb u le n c e  is 

b e lo w  0 1  H z  (L eB lan ce , 2009). H en c e , tu rb u le n c e  is n o t 

s ig n if ican t in th e  d e te rm in a t io n  o f  th e  s tru c tu r a l  d es ig n  lo a d s  

fo r  e x tre m e  levels o f  e n v iro n m e n ta l  lo a d in g , a l th o u g h  its  

effec t o n  fa tig u e  life o f  w in d - tu rb in e  s tru c tu re s  c a n n o t  be 

ig n o re d  (V ries . 2007). O ffs h o re  w in d  tu rb in e s  a re  g en e ra lly  

d es ig n e d  fo r  m o re  se vere  w in d  c lasses since th e  p ro b a b il ity  o f
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extreme wind speeds (e.g. due to gusts or changes in w'ind 
direction) is more significant compared with most onshore 
sites (GL, 2005).

Compared with the rotor thrust reaction to w'ind loads, the 
hydrodynamic forces acting on OWTs generally only have a 
minor role in the development o f tower deflection. LeBlance 
(2009) reported that this was largely due to the reduced wave-in- 
teraction area o f the substructure as compared with the overall 
tower length and greater lever arm o f the rotor thrust (see 
Figure 1(a)). However, the density o f the medium must also 
be considered when comparing aerodynamic and hydrodynamic 
lateral loading, with the density of sea water significantly greater 
than that for air. Hydrodynamic forces generally only become 
significant for greater water depths and/or wave heights, 
which cause the lever arm o f the hydrodynamic force to increase 
along with the intensity o f the lateral force generated by the 
water (Fischer, 2011). The height o f the ocean waves is 
usually expressed in terms o f ‘significant wave height'; this is 
defined as the mean value o f the highest one-third o f the 
waves in a given wave record. Ocean waves that induce 
fatigue loading with high frequency usually have significant 
wave heights o f ~  1-0-1-5 m and a zero-crossing period of 
■4- 5 s (Vries. 2011).

6. Loading frequency, natural v ibration  
frequency and resonance

It is essential to consider the fundamental natural frequency o f a 
wind-turbine structure for a proper description and evaluation 
o f its dynamic behaviour. As for all dynamic systems, resonance 
occurs when an excitation frequency gets close to the structure's 
fundamental natural frequency. For wind-turbine structures.

M ,  turbine mass

^J, strut mass per un it length

El, strut bending stiffness

F ig u re  5. S tructura l m odel fo r  flexib le w in d -tu rb in e  system

this invariably leads to the development o f higher stresses in 
the support structure and foundation, but more significantly 
to a higher range o f stresses -  an unfavourable situation in 
considering fatigue life. Hence it is important to ensure that 
excitation frequencies having high energy levels do not coincide 
with the support structure's fundamental natural frequency. As 
a first approximation, the support structure’s fundamental 
natural frequency can be determined by considering a simplified 
geometry for the whole structure (Figure 5). The turbine mass 
(M )  is concentrated at the top (free end) o f an equivalent steel 
pipe representing the support structure, with similarities to a 
cantilevered vertical strut. In this instance, the first natural 
frequency (/nat, in Hz) o f the combined structure can be 
approximated by (Tempel, 2006)

2 3-04 E l
3 . “  4 ( 77)2 (o-227/xL +  M)L^

where jx is the strut mass per unit length. L is the strut length 
and E l  is its bending stiffness (N m').

Offshore wind-turbine structures are excited by both wind and 
waves, with the effective wind load determined by complex 
interactions between the structural dynamics o f the turbine 
and wind field. Site-specific spectral densities for wind and 
waves can be derived either from data measured for the particu
lar site location, from met-ocean databases or numerical models 
(LeBlance, 2009).

Dynamic amplification and large excitation forces affect mono
piles in a cumulative unfavourable manner. W ith rotational 
speeds o f the main rotor shaft typically between 10 and 
20 rpm, the first excitation frequency ‘ IP' (i.e. corresponding 
to one full revolution) occurs in the range 017-0-33Hz. In 
general, only light excitation o f the IP frequency should 
occur, with large excitations arising on account o f excessive 
mass and'or aerodynamic imbalances. For a three-bladed 
turbine, the blade passing frequency o f typically 0-5-1-0 Hz is

--------W ind turbulance
--------  Waves

W anted
IP frequency 3P

\
1

0-0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 1-0 1-1
Frequency: Hz

F ig u re  6. Excitation ranges fo r  O W T structures
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denoted  as the '3 P ' frequency and  is heavily excited on  accoun t 
o f  im pulse-like excitation  arising  from  the ind iv idual blades 
passing by the tow er.

F igure  6 show s the  excita tion  ranges o f  IP  and  3P, a long  w ith 
realistic, norm alised  pow er spectra  fo r w ind and  w ave exci
tations. R eferring  to  the  figure, the ‘so f t-s tif f ’ zone includes 
the IP . 3P and  ‘w anted  frequency ' regions; the  region before 
the IP  range is referred  to as the ‘so ft-so ft ' zone and  the 
region a fte r the 3P range as ‘s t i f f - s t if f ’. ‘S o ft-so ft’ and  's t if f -  
stiff ■ zones are unsu itab le  fo r the  design so lu tion . T he stru c tu re  
is considered to o  flexible if  its fu ndam en ta l n a tu ra l frequency 
falls w ithin the ‘so f t-so f t ' zone an d  too  rigid (heavy and  expens
ive) w ith in  the ‘s t i f f - s t i f f  zone. A n o th er im p o rtan t reason  for 
avo id ing  the ‘so f l- s o f f  frequency region is th a t wave- and 
w ind-turbu lence excitation  frequencies usually  fall w 'ithin this 
zone (LeB lance. 2009); see F igu re  6.

E xcita tion /resonance  o f  a dynam ic  system  can be m itigated  by 
dam ping , achieved either in ternally  by friction in co m p o n en ts  
o f  the stru c tu ra l system  o r externally  by som e source/force. 
O verall d am ping  o f  an  offshore  s truc tu re  can be achieved by 
com binations o f  aerodynam ic, hydrodynam ic, stru c tu ra l and 
o r soil d am ping  (refer to  B ittkau  (2010). G en ta  (1998) and  
R o denhausen  (2010) fo r fu rth er details).

F o r the p o p u lar m onopile  foundation  systems, ‘so f t-s t i f f ' design 
necessitates relatively high stru c tu ra l and dynam ic stiffness, 
w hich can  be achieved by increasing the m onopile  d iam eter, 
o r less efficiently, by increasing  (reinforcing) the pile wall 
thickness. H ow ever, larger d iam ete r m onopiles in troduce  d ra w 
backs. including g reater wave load ing  and also  larger d riv ing  
equ ipm en t/fo rces necessary fo r in sta lla tion  (S chaum ann  and 
B oker, 2005). H ence there  is a co rresp o n d in g  increase in the 
initial cap ital investm ent costs o f  the  p roject, a lth o u g h  from  
the a u th o rs ' perspective the  L C O E  m ay no t be adversely 
affected if  ra ted  pow er capacity  is also increased by using 
larger ro to r  blades. C o m p ared  w ith m onopiles, the lattice 
fram e o f  jack et/tru ss  su p p o rt stru c tu res  (F igure  4(e)) p rovides 
large stru c tu ra l bending stiffness and m ore favourab le  
m ass-to-stiffness ra tio , resu lting  in relatively high bending  
E igen-frequencies and reduced h ydrodynam ic  excita tion  
(Vries, 2011), a lthough  to rsio n al stiffness is reduced, p o ten tia lly  
leading to  dynam ic problem s. Jacket su p p o rt s truc tu res are 
designed for o p e ra tio n  in o r a ro u n d  ‘s t if f - s t if f  regions 
(F ischer, 2011). In  the case o f  tripods , b racing  a long  the low er 
length o f  the cen tral tu b u la r  section increases overall bend ing  
stiffness and reduces bending  m om ent load ing  on the fo u n 
d a tio n  (Saleem , 2011; Schaum ann  and  B oker, 2005). w ith 
typical E igen-frequencies ran g in g  betw een those  fo r m onopile  
(at low er end o f  this range) and  jack et su p p o rt s truc tu res/ 
fo u n d a tio n s u n d e r sim ilar ro to r-n ac e lle  configu ra tions and 
environm en ta l conditions.

7. Challenges fo r o ffshore w ind-pow er 
genera tion

O ffshore w ind-pow er genera tion  has a rguab ly  g reater po ten tia l 
com pared  w ith onshore , bu t m arine  cond itions pose great 
challenges to  pro ject delivery because outcom es a re  highly 
influenced by env ironm en ta l cond itions. Som e o u tlo o k s and 
new ap proaches to  offshore  w indpow er are  discussed below.

7.1 Implementation, fabrication, operation  and 
maintenance

It could be argued  th a t, ow ing to  the  involvem ent o f  m ultip le 
regu la to ry  and p lann ing  bodies, the cu rren t p lann ing  and 
im plem en tation  process fo r offshore  w ind-pow er farm s is too  
com plex and  tim e-consum ing. Som e p rim ary  legislation m ay 
be helpful in o rd e r to  facilitate  re levan t governm ent bodies 
w orking am icab ly  w ith investors and  developers for offshore  
w ind-pow er farm s (CT. 2008).

F abrication  and O& M  issues place m ajo r pressures on  the LC O E 
for offshore wind farm s (ABB, 2012; IR E N A , 2012). N ew  off
shore strategies m ust be developed to  m inim ise the num ber o f 
tasks perform ed at offshore sites. M aterials for w ind-turbine 
fabrication m ust be selected for durab ility  and environm ental 
tolerance. Engineering design, beginning from  prelim inary  con
cepts. m ust rigorously place h igher prem ium s on reliability, 
fioat-out deploym ents and in situ repair m ethods. Fabrica tion  
facilities m ust be strategically located for m ass p roduction , 
onshore assem bly and rapid  deploym ent offshore, with 
m inim al dependence on large vessels (E W E A . 2007). Sensitive 
electronic devices for rem otely sensing w eather conditions and 
self-diagnostic system s to  m anage O& M  o f  electrom echanical 
com ponents are required in o rd er to  m inim ise dow ntim e and 
reduce equipm ent necessary for repairs (C leanTech, 2012). U lti
m ately a new balance between initial capital investm ent costs 
and long-term  o p erating  costs needs to  be established that will 
have a b road  im pact on  the L C O E  for offshore wind technology.

7.2 Offshore design codes and  m ethods
O ne o f  the  im m ediate  challenges fo r design is the ability  to 
accurately  pred ict the m ag n itu d e  and  d istrib u tio n  o f  applied 
environm ental loads and  the resulting dynam ic response o f  the 
coupled  w in d -tu rb ine  and  su p p o rt stru c tu re  u n d e r the  action  
o f  com bined stochastic  wave and  w ind load ing  (M usial and 
Butterfield, 2006). A t p resen t, analysis, design and in sta lla tion  
o f  m onopile  fo u n d a tio n s fo r w ind -tu rb in e  s truc tu res usually  
rely on general geotechnical s tan d ard s , com plem ented  by 
m ore specific guidelines and sem i-em pirical fo rm ulas developed 
by the o ffshore  oil and  gas in d u stry  (A P I. 2007; D IN , 2005; 
D N V . 2011; G L . 2005).

H ow ever, large-d iam eter m onop ile  fo u n d a tio n s fo r p roposed  
offshore  w in d -tu rb ine  stru c tu res  a re  well ou tside  the  scope o f  
cu rren t experience and  analysis/design  m eth o d s (including the
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A m erican Petro leum  Institu te  (A PI. 2007) and D et N orske- 
V eritas (D N V , 2011) stan d ard s used by the offshore oil and 
gas industry). These s tan d ard s a re  largely based on em pirical 
d a ta  o b ta ined  for relatively sm all-d iam eter flexible piles u n d e r 
low num bers o f  load  cycles. F u rth e rm o re , for these stan d ard s , 
wave loading is o f  prim ary  concern  when ex trap o la tin g  to  
predict extrem e events. H ow ever, designers o f  offshore  w ind- 
turbine  s truc tu res m ust consider wave and w ind load spectra 
sim ultaneously  (lE C , 2005; T arp -Jo h an sen , 2005). H ence 
careful considera tion  o f  these differences in applied  load ing  
and inheren t lim ita tions und erp in n in g  sem i-em pirical fo rm ulae 
for the o ffshore  o il/gas industry  are required  in ex trap o la tio n  
fo r design o f large-diam eter m onopile  fou n d a tio n  su p ports for 
w ind tu rb ine  structures. O ften these fo rm ula tions c an n o t be 
applied w ith confidence by the offshore  w ind-pow er industry  
to achieve op tim um  results and econom y (D obry  el al., 1982).

T here is also a d earth  o f  know ledge concerning the beh av io u r o f  
the m onopile -so il fou n d a tio n  system  and its s truc tu ra l stability  
u n d er long-term  cyclic lateral loading. Existing lite ra tu re  
includes M atlock  (1970), Reese el al. (1974, 1975), L ittle  and 
B riaud (1988), Ismael (1990) and Long and V anneste (1994). 
H ence the developm ent o f  m ore realistic stra in -accum ula tion  
m odels and also co m puter codes to  predict dynam ic forces 
and resulting displacem ents o f  O W Ts will provide valuable 
tools for m ore reliable designs,

7.3 R e c o m m e n d a t i o n s  f o r  f u t u r e  r e s e a r c h  a n d  p ra c t ic e
A m ultid iscip linary  ap p ro ach  is suggested in o rder to strive 
tow ards m aking  the offshore w ind-pow er industry  m ore 
econom ical and p racticab le , including the follow ing points.

■ Some prim ary  legislation m ay be helpful in o rd e r to 
facilitate relevant governm ent bodies in w ork ing  am icably  
with investors and developers for offshore w ind-pow er 
farm s. Investors and developers fo r offshore-w ind projects 
could be facilitated  by governm ent w'ith som e easing o f  
curren t requ irem ents to  o b ta in  ob ligation  certificates.

■ D evelopm ent o f  innovative fab rication  m ateria ls (with 
a p p ro p ria te  streng th , d u rab ility  and  lightw'eight 
characteristics) for O W Ts m ay co n tribu te  to  considerab le  
reductions in the  LC O E,

■ Use o f m ore  sophisticated  electrom echanical p a rts  in 
O W Ts (e.g. direct-drive un its  th a t elim inate the 
requirem ent fo r a gearbox, thereby  rem oving one o f  the 
key com ponents p rone  to failure) will increase the 
efficiency and hence energy yield and also reduce O& M  
costs for the  project.

■ In-depth  experim ental and num erical studies a re  necessary 
in o rder to  bridge the know ledge gap betw'een existing 
design codes/guidelines developed for the offshore  oil and  
gas industry  and m ore o n erous applied loading and  larger 
support stru c tu re s/fo u n d atio n s adop ted  fo r OW Ts.

8. Summary and conclusions
W ind pow er, particu la rly  from  offshore tu rb ines m oun ted  on 
b o tto m  su p p o rt struc tu res, ap p ears to  be a  p rom ising  solu tion  
to  meet the  universal dem and  for clean, cost-effective energy. 
T he ra ted  pow er-generation  capacity  o f  ind iv idual O W Ts, and 
also o f  w ind farm s, has increased m any-fold  over the past two 
decades, w'ith strong  grow th projected to  continue for the near- 
to-m edium  future. C oncepts for floating foundation  systems for 
O W T  stiiactures are  also em erging, which will allow  installations 
even farther offshore, thereby benefiting from  relatively higher 
w ind speeds/pow er generation. H ow ever, com pared with conven
tional fossil-fuel-fired technologies, initial capital investm ent 
costs and L C O E  for w ind-pow er generation are both co m p ara 
tively higher, particu larly  fo r offshore, on  account o f  challenges 
associated w ith the harsh  m arine environm ent. R eductions in 
the LC O E  and  projected increases in design life o f  O W T  projects 
are achievable by developing and im plem enting im proved design 
criteria /m ethods for foundations, support structures and the 
wind tu rb ines themselves, along with the use o f innovative 
m aterials in their fabrication .

T he w 'ind-power generation  industry  can be facilitated through 
legislation leading to  prim ary reform s in the rules/regulations 
im posed by d ifferent regulatory  and m o n ito ring  bodies related 
to  this industry. A m ultidisciplinary and in tegrated approach  is 
required , w'ith cost reductions achievable fo r o th er offshore 
industries (e.g. oil/gas sector and  offshore  cable laying) p o ten 
tially also benefiting o ffshore  w ind-pow er projects, a lthough  
developm ents in com m odity  prices (particu larly  steel, copper, 
cem ent) will also influence p o ten tia l cost reductions achievable 
fo r wind pow er. In spite o f  such challenges, it is projected  th a t 
w 'ind-power genera tion  will con tinue  to increase m any-fold, 
p a rticu larly  in E urope, N o rth  A m erica and  A sia over the next 
tw o decades, w ith associated  LC O E  an tic ipa ted  to  becom e 
com parab le  wdth o th er sources o f  renew able energy.
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This paper deals with an important problem of the effect of repeating lateral loads on large-diameter monopile 

foundations for offshore wind turbine (OWT) structures. The cycles of typically low-amplitude repeating lateral 
loads and moments generated by various environmental factors are resisted by horizontal earth pressures 

mobilised in the soil surrounding the pile. Laboratory testing on reduced-scale piles is an efficient and economical 
way to investigate such pile-soil behaviour. This paper presents the development of a new mechanical loading 

system to apply many thousands of repeating cycles of lateral load in different forms to a ^g model, w ith  full 
control provided over the loading direction (i.e. one-way or tw o-w ay lateral loading), amplitude, frequency and 

waveform shape (e.g. sinusoidal, square or haversine). Compared with equivalent setups employing pneumatic or 
hydraulic actuators, the new loading system is able to produce similar performance at lower cost and also provides 

more control over the waveform shape. A programme of lateral load tests, each involving many thousands of load 

cycles, was performed on a rigid model pile Installed in dry sand beds to demonstrate some of the main capabilities 

of the new system.

Notation B non-dimensional parameter fo r pile rota-
D  pile outer diameter tion from  its in itia l alignment
D\ spring extension
dio mean particle size
e non-dimensional parameter fo r moment

arm I-  Introduction
E l  pile bending stiffness A t present, there is some uncertainty in the literature regarding
g gravitational constant the change in stiffness o f the soil surrounding a m onopile under
H  applied lateral load long-term repeated lateral loading. In the case o f rig id
H  non-dimensional parameter fo r lateral load monopiles, the soil would fail rather than the piles fa iling  by
L  pile embedment length plastic hinges. For sandy soil, the API (2010) and D N V  (2011)
M  bending moment applied at pilehead models always predict degradation o f the absolute secant
M  non-dimensional parameter fo r bending stiffness under repeated lateral loading, irrespective o f the

moment density state or number o f load cycles. Achmus et al. (2009)
N't, vertical distance between loading node reported degradation o fthe  absolute secant stiffness fo r medium

position and the bottom  o f chain loop dense and dense sands w ith increasing number o f  load cycles,
when sliding node is at its mean position However model studies on monopiles in loose (Bhattacharya

Pa atmospheric pressure et a l, 2 0 II;  LeBlanc et al.. 2010) and dense (Cuellar et al., 2012,
y' effective un it weight Rosquoet et al., 2007) sands suggested that the foundation
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stiffness (cyclic) increases with the number of load cycles. 
LeBlanc (2009), Bhattacharya and Adhikari (2011) and Cuellar 
et a l  (2012) suggested that the stiffness increase occurs as a 
result o f densification o f the soil next to the pile. There are also 
differences o f opinion regarding the rate o f accumulation of 
lateral strain in the surrounding soil for piles subjected to one
way or two-way lateral loading. U nder one-way loading, the 
m agnitude o f the load wave fluctuates between zero and the 
applied maximum load amplitude. In response, the pile tends to 
deflect (rotate) only in one direction from its initial (vertical) 
alignment. U nder two-way loading, the pilehead is sequentially 
pulled in opposite directions, such that the pile tends to deflect 
(rotate) alternately in opposing directions from its mean vertical 
position (Peng et a l ,  2011). F or two-way lateral loading, the 
accumulative tilt o f the pile usually follows the direction o f the 
first quarter o f the loading cycle (Long and Vanneste, 1994; 
R osquoet et a l ,  2007). Some researchers (LeBlanc et a l ,  2010: 
K linkvort and Hededal, 2013; Zhu et a l ,  2013) have shown that 
two-way lateral loading produces higher rates o f accumulation 
o f lateral strain in the surrounding soil compared with one-way 
lateral loading. Long and Vanneste (1994), Lin and Liao (1999) 
and Peng et al. (2011) were o f  the opinion that the opposite was 
the case. The findings o f such studies awere based on results 
generated by experimental loading systems having limited 
operational capabilities, with all o f these studies considering 
only one waveform shape (i.e. sinusoidal) and for a particular 
loading frequency.

In reality, the pile deflection (rotation) response under lateral 
loading arises from the soil behaviour and also from dynamic 
pile-soil interaction, which are dependent on the loading history 
and applied loading conditions. There are many examples of 
structures supported on pile foundation systems for which 
lateral loading may prove to be critical over gravitational forces. 
For instance, in a study related to ofTshore wind turbines 
(OWTs) supported by monopile foundation systems in the 
N orth Sea, it was found that the magnitude of dynamic lateral 
loading can be up to 66% of the gravitational loads (Byrne and 
Houlsby, 2003). This scenario is more onerous when the lateral 
loading is continuously repeating at varying frequency, load 
amplitude and direction (Arshad and O ’Kelly, 2013). A t some 
critical level o f load amplitude and/or frequency, these repeating 
lateral loads can cause significant reductions in the lateral soil 
resistance for a monopile foundation structure (Ram akrishna 
and R ao, 1999). The required lateral load-carrying capacity of 
the pile depends on the type and purpose of the structure in 
which it is an integral part. The rotation of the pile from its 
initial (vertical) alignment must be limited in the range 0-17-2-0° 
(Lee et a l ,  2010, 2011) for proper functioning o f different types 
o f supported structures.

Under field loading, the proper operation of OW Ts supported 
by monopile foundation systems generally necessitates limiting

the lateral pile deflection at seabed level to 0-11 m (M alhotra, 
2011) or the pile rotation from its initial (vertical) alignment to 
0-5° (LeBlanc, 2009).

The foundation response under repeated lateral loading is a 
m ajor design consideration. An economical design procedure 
can be efficiently and confidently applied if experimental 
verifications are achievable, either through full-scale testing or 
model studies. In situ full-scale pile tests are expensive and 
time-consuming to perform. Hence the literature contains 
many reduced-scale model studies performed in the field (e.g. 
G avin and O ’Kelly (2007) and Igoe et al  (2013)) or in the 
laboratory employing different types o f loading systems to 
validate numerical predictions and design rules, such as given 
by Achmus et al (2009).

Model pile tests involving static lateral loading have been 
performed to determine ultimate lateral capacity (e.g. Reese 
et a l  (1974) and Ram akrishna and R ao (1999)) and to 
investigate the influence of the piles’ cross-section and rigidity 
on lateral load-carrying capacity (M ahmoud and Burley, 1994; 
R ao et a l ,  1998; Raongjant and Meng, 2011). Some o f these 
studies have focused on investigating the behaviour o f tapered 
piles (D iihrkop et a l ,  2010; El Nagger and Wei, 1999), finned 
piles (Peng et a l ,  2011) and (or) piles subjected to many 
thousands o f load cycles in the lateral direction (D iihrkop et a l ,  
2010; LeBlanc et a!., 2010; Peng et a l ,  2011; Cuellar et a l ,  2012). 
M odel testing results can be directly applied once the soil at site 
is the same for the scaled tests. The best way is to link the model 
tests with element test parameters. For example, Lombardi et al. 
(2013) linked their model tests with threshold strains that can be 
obtained from standard element tests such as the resonant 
column.

The reliability (acceptability) o f laboratory model studies 
depends, am ong other factors, on the accuracy and efficiency 
of the loading system in simulating the actual field loading 
conditions through certain scaling laws. In the case o f model 
studies for offshore structures, the experimental loading system 
must be capable o f simulating the environmental loading, 
particularly that acting in the horizontal direction, with 
varying am plitude and frequency.

This paper describes the development o f a novel mechanical 
loading system for the application of many thousands of lateral 
loading cycles, with full control provided over the direction, 
amplitude, frequency and waveform shape. Experimental 
data for repeated lateral loading o f an instrum ented model 
pile installed in dry sand are presented to dem onstrate the main 
capabilities o f the new loading system. The effects o f different 
loading scenarios (load directions, amplitudes and frequencies) 
are also investigated.

55



International Journal o f  Physical M odelling In G eotechnics D evelop m en t o f  a rig to  study
Volume 14 Issue 3 m odel pile b ehaviour under

repeating lateral loads
Arshad and O'Kelly

2. Forcing frequency, fundam enta l natura l 
frequency and  resonance

It is essential to consider the fundam ental natural frequency o f a 
wind-turbine structure for a proper description/evaluation o f its 
dynamic behaviour. In the literature related to OWTs, the term 
‘cyclic loading’ is generally used in connection with the 
harm onic variation o f the repeating load wave in time domain. 
W hen the forcing (loading) frequency gets closer to  the 
structure’s natural frequency, the repeating load can be termed 
as dynamic load, which tends to excite the structure dynam i
cally, leading to  resonance. Dynamic effects can be considered 
simplisticaliy in a linear system through dynamic amplification 
factors. However this approach is strictly not valid for an OW T 
foundation structure owing to  various non-linear ties in the 
system, as shown experimentally by Bhattacharya et al. (2012), 
although the error may not be great. Hence, engineers need to 
adjust the cyclic load results to take into account the dynamic 
behaviour o f the system.

M ajor sources o f forcing frequencies for OWTs are wind, 
wave, current and any out-of-line imbalances of the rotating 
electromechanical parts installed in the turbine’s nacelle-rotor 
system (Bhattacharya et a i ,  2011). For a typical 5 M W  OW T 
having rotational speeds of typically 10-20 rpm for the main 
ro tor shaft, the first excitation frequency IP (i.e. corresponding 
to one full revolution) occurs in the range 0-17-0-33 Hz. F or a 
three-bladed turbine, the blade passing frequency o f typically 
0-5-1-0 Hz is denoted as the 3P frequency, which is heavily 
excited on account o f the impulse-like excitation arising from 
the blades passing by the tower. In the N orth  Sea environment, 
excitation from wind and waves usually occurs with frequen
cies o f 0-01 and OT Hz, respectively, as illustrated in Figure 1.

The region of ‘wanted frequency’ (i.e. between the IP  and 3P 
ranges) identified in this figure is referred to  as the ‘so ft-s tiff 
zone; the region before the IP range as the ‘soft-soft’ zone and

- -  Wind turbulance Waves

Wanted
frequency

3Pre

%
So

Q.

0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 1 0 1-1
Frequency: Hz

F ig u re  1. Typical excita tion frequency ranges fo r  5 M W  o ffsho re  

w in d -tu rb in e  structure

the region after the 3P range as the ‘stiff-stiff zone. ‘Soft-soft’ 
and ‘stiff-stiff zones are unsuitable for the design solution. 
The structure is considered too flexible if its natural frequency 
falls within the ‘soft-soft’ zone and too rigid (heavy and 
expensive) within the ‘stiff-stiff zone. A nother im portant 
reason for avoiding the ‘soft-soft’ frequency region is that 
wind turbulence and wave excitation frequencies usually fall 
within this zone (LeBlanc, 2009). F or w ind-turbine structures, 
this invariably leads to the development o f higher stresses in 
the support structure/foundation, which is an unfavourable 
situation in considering fatigue life. This dynamic interaction of 
the soil-pile system produces greater strain in the surrounding 
soil and may lead to higher stiffness degradation (Achmus et a l ,  
2009) or soil stiffening (Cuellar et a l ,  2012; LeBlanc et a l ,  2010). 
It is therefore im portant to ensure that excitation frequencies 
having high energy levels do not coincide with the support 
structure’s natural frequency. DNV (2011) suggests that the 
natural frequency of the structure should not come close to the 
1P or 3P frequency regions, remaining away from these zones by 
a margin of at least 10%. A detailed insight into the dynamic of 
the soil-structure behaviour for OW Ts is given by A dhikari and 
Bhattacharya (2011, 2012), Bhattacharya et a l  (2011, 2012, 
2013), Bhattacharya and Adhikari (2011) and Lom bardi et al 
(2013).

3. Scaling issues for model tes t ing
To relate the results from reduced-scale physical modelling 
with the corresponding results o f the prototype system, certain 
conditions must be met to preserve constitutive and kinematic 
similarities between the systems. Examples o f the derivation of 
scaling laws for offshore monopile foundations have been 
reported by Lai (1989), M uir W ood et al. (2002), LeBlanc et al 
(2010), Bhattacharya et al. (2011) and Cuellar et al. (2012). 
However, the satisfaction of such scaling conditions for 
similarity in granular soils is not trivial (B hattacharya et a l ,  
2011; Dong et a l ,  2001), especially for a complex problem  such 
as OW Ts where one has dynamics, aerodynam ics, soil- 
structure interaction and fiuid fiow around  the foundations.

Among other technical difficulties o f  perform ing physical tests 
with geomaterials, the direct scaling o f the particle grain 
dimensions is particularly problem atic as it may introduce 
undesired forces into play unless a certain minim um ratio is 
m aintained between mean grain size {dso) and a characteristic 
dimension (pile diam eter in the present investigation) o f the 
model (Sedran et a l ,  2001; Verdure et a l ,  2003). M oreover, 
constitutive laws describing the load-deform ation behaviour o f 
the soil are stress-level dependent, which implies tha t for \g  
conditions, homologous points o f the soil foundations for the 
model and prototype may experience different deform ational 
responses. For instance, the load-deform ation response of 
structures founded on sand is governed, am ong other factors, 
by the magnitude of mean effective confining pressure, which is
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different fo r the m odel an d  p ro to type . L ab o ra to ry  m odel tests 
on  sand  at 1 '̂ (i.e. a t  low confin ing  pressure) are generally 
perfo rm ed  a t a low er density  index com pared  w ith full-scale in 
o rder to  m atch  the angle o f  shearing resistance and  take in to  
accoun t the  d ilation  (LeB lanc et a i ,  2010). Sim ilitude re la tio n 
ships in the  form  o f  non-d im ensional param eters (N D Ps) can be 
app lied  to  relate  the results fo r the m odel with the  p ro to type, 
an d  vice versa (see L eB lanc et a l ,  2010). These N D P s consider 
the p ile’s geom etry, m ateria l p roperties, applied loading and  its 
lateral d isp lacem ent (ro ta tio n ) response, as given in T able  1, 
w ith due considera tion  o f  the  pile tip  displacem ent under 
repeating  lateral loads.

4. Existing system s fo r la teral loading of 
m odel piles

O ver the p ast two decades, a nu m b er o f  d ifferent system s have 
been developed to ap p ly  m o n o to n ic  and  (or) repea ting  latera l 
loads in perfo rm ing  lab o ra to ry  studies on m odel piles. T he 
m eth o d s o f  o p e ra tio n  o f  these system s can be b road ly  
categorised  as m echanical (R ao  et a l .  1998), electrom echanical 
(B asack, 2005; LeB lanc. 2009; LeB lanc et a!.. 2010), pneum atic  
and  (or) hydrau lic  (C h an d rasek a ran  et a l , 2010; El N agger and  
Wei, 1999; K um ar an d  R ao , 2012). As discussed and  presented 
in these experim ental studies, the  load ing  system s have varying 
com plexities in their o p e ra tio n  and  capabilities to sim ulate 
the  field conditions. F o r  instance, som e loading system s (R ao  
et a l ,  1998; El N ag g er an d  W ei, 1999) can apply  only 
m o n o to n ic  lateral lo ad in g  in a certain  range. O thers can app ly  
one-w ay repea ting  load  an d  have been used in studies to  app ly  
lim ited num bers o f  la te ra l load ing  cycles (C h an d rasek aran  
et a l ,  2010: K u m a r an d  R ao , 20)2; Q in. 2010). A few system s 
(B asack, 2005; L eB lanc et a l ,  2010; Peng et a l ,  2006) have 
been designed to app ly  m any  th o u san d s o f  load  cycles for one
w ay and  tw o-w ay lo ad in g  cond itions, w ith sufficient con tro l 
p rov ided  over the  load  am p litu d e  and  frequency. A detailed 
discussion o f existing load ing  system s is beyond the scope o f  
this p a p e r and  the  read e r is referred  to  the pub lications cited 
above fo r fu rth er in fo rm atio n .

M om ent loading 

Horizontal loading 

Rotation

M om ent arm  (i.e. vertical distance betw een 
initial level of sand bed surface and point of 
horizontal load application)

H =

M
L̂ [>/

H
L l̂>/

[M
" = \ / h Z

T able  1. Non-dimensional param eters for scaling law ŝ (after 
LeBlanc et al,  2010)

T he novel rig fo r m odel pile studies developed a t T rin ity  
C ollege D ublin  (T C D ) w hich is p resented  in th is p ap er is no t 
on ly  capab le  o f  app ly ing  m any  th o u san d s o f  lo ad  cycles under 
one-w ay and  tw o-w ay load ing  co nd itions bu t is also efficient in 
g enera ting  different w aveform  shapes w ith in  the  frequency 
range  com patib le  w ith o ffshore  env ironm en ta l loading.

5. D evelopm ent of th e  new  rig fo r model 
pile studies

5.1 General layout and components
F igure  2 shows the general layout o f the new rig that is used to 
apply repeating lateral loads to the head o f an instrum ented model 
pile. T he pile (identified as (15) in the figure) is installed in a soil 
bed th a t is contained in a  steel tank  (8) having an internal diam eter 
o f  0-95 m, overall depth o f  0-60 m, and which is reinforced by box 
sections welded a round  its ou ter perim eter. The driving torque to 
the loading system is provided by a  three-phase 1-5 kW  A C  m otor 
(1), which torques gearing th rough  a system o f  metallic chain 
linkages -  that is, a bicycle chain. TTie drive m oto r and gearing are 
m ounted  on a reaction fram e (9). The steel tank  and soil bed 
within are isolated from  the reaction fram e and hence any 
v ibrations produced by the operation o f  the m echanical loading 
system. In the present set-up, the chains had a pitch length of 
12-7 m m , pin length o f 6-0 m m  and roller d iam eter o f  7-2 mm. 
T he speed control unit for the m oto r provides control over the 
speed o f  ro tation  o f  the m oto r shaft and hence the loading 
frequency. R otation  o f gear x  (3) moves the sliding node (13) to- 
and-fro  between points L and R. T he sliding node is connected to 
gear x  by an articulated arm  (12). The travel range o f  the sliding 
node is controlled by adjusting the location o f the pivot po in t (pin 
jo in t) and  the arm  length. R eferring to the right-hand side (RHS) 
o f  the schematic arrangem ent show n in Figure 2: one end o f the 
R H S  chain is connected to the sliding node and its o ther end to the 
R H S o f  the pilehead by way o f  a m iniature load cell (10) and 
spring (11). As shown in the figure, this chain loops, engaging with 
80 m m  diam eter upper (2) and  lower (5) cogs, from  which a dead 
weight (7) can be attached to a  specific chain linkage by way o f a 
load hanger. U nder two-way loading, a sim ilar arrangem ent is 
used to  apply and m easure the loading to the left-hand side (LHS) 
o f the pilehead. T he loading system can be operated  from  a very 
low frequency o f  0-01 H z up to 2-0 H z by simply adjusting the 
speed o f  ro tation  o f the drive m otor. A nother determ ining factor 
in achieving the desired frequency is the stiffness o f  the spring(s). 
Loading frequencies in the range 0-1-2-0 H z have been used by 
different researchers (Cuellar et a l ,  2012; LeBlanc et a l ,  2010; 
Lom bardi et a l ,  2013; Peng et al,  2011) in perform ing m odel 
studies a t \g  on m onopile foundations for OW Ts.

5.2 W orking mechanism
T he w ork ing  m echanism  o f  the new  load ing  system  depends on 
the requ ired  load ing  schem e, w ith the  range  o f  possibilities 
described in the  next section  o f  the  p aper. R eferring  to
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Sand level in steel tank'

F ig u re  2. Schennatic d iagram  of the  TCD rig for m odel pile studies, 
se t  up for tw o -w a y  lateral loading. Key: 1, drive m otor;  2, upper  

right cog; 3, gear  x; 4, u ppe r  right chain se gm en t;  5, lower right 

cog; 6, lower right chain segm en t;  7, right loading w e ig h t  with

hanger;  8, steel tank; 9, reaction frame; 10, right load cell; 11, right 
spring; 12, ar t iculated arm; 13, sliding node ;  14, refe rence support  

w ith  LVDTs; IB, pile

Figure  3, rep ea tin g  latera l load ing  b eh av io u r is o b ta ined  
th rough  the  tran sfer o f  loads (supplied by the  load ing  weights 
an d  hangers) from  the upper chain segm ents to  the lower chain 
segm ents, an d  vice versa; th a t is, tension forces a re  generated in 
th e  upper and  lower chains alternately. T he R H S  lower chain 
segm ent (6) goes from  the spring (8) to  the b o tto m  o f  the chain 
loop, passing  over the lower cog (5). T he R H S  up p er chain 
segm ent (4) goes from  the sliding node (2) to  the  b o tto m  o f  the 
chain  loop , passing over the upper cog (3).

In ad d itio n  to  the app lied  hanger loads an d  speed o f  the drive 
m o to r, o th e r  govern ing  in pu ts fo r the load ing  schem e are  as 
ou tlined  below .

( a )  T he locations o f  the a ttach m en t po in ts fo r the R H S  and 
(or) L H S load hangers along the chain loops, w ith reference 
to  th e  centres o f  the up p er cogs; th a t is, the  load ing  node 
p osition  on the  vertical chain-loop length. R eferring  to 
F igure  3, the vertical chain-loop length (V C L L ) equals the 
h o rizo n tal chain-loop  length (H C L L ) w hen the sliding node 
(2) is a t its m id-range (i.e. po in t O), w hich represents zero 
w ave am plitude. T he loading node position  determ ines the 
load ing  im pact on  the pilehead; th a t is, the  d u ra tio n  and 
p o rtio n  o f  the  load  cycle for which a p a rticu la r chain 
segm ent (upper o r lower) rem ains un d er the  action  o f  the 
applied  tension force. F o r  exam ple, w ith the  loading node

position  fo r the R H S chain loop  located  on the u p p e r chain 
segm ent (4), the tension force applied by the loading weight 
and  hanger (7) rem ains in the up p er R H S  chain segm ent for 
a greater p ro p o rtio n  o f  the load cycle. W hen the sliding 
node (2) m oves to  location R .  the b o tto m  section o f  the 
R H S  chain  loop  is at its lowest position .

( b )  T he stiffness o f  the connecting spring(s) (8) which contributes 
to generating the required waveform  shape. If  the spring(s) 
is removed (i.e. lower chain segment(s) connected directly to 
the pilehead), then an alm ost square wave form  is produced 
by the loading system owing to  the ab rup t action and 
interaction o f  the loading to the pilehead. In o ther w ords, for 
a  particular load am plitude, the loading frequency is also 
determ ined by the response time (stiffness) o f the spring(s).

A  synchronised  ad jus tm en t/co rre la tio n  betw een the ran g e  o f  
no d e  m ovem en t (i.e. p o in ts L  to  R in F igu re  3) an d  e longated  
length(s) o f  the  spring(s) u n d e r lo ad in g  to  get the  desired  
load ing  schem e is a  d ifficult task. T his is m ore  onerous fo r tw o- 
way th an  one-w ay loading. T his task  w as com pleted  in crem en 
tally  by experim ental trials.

F o r  d e m o n s tra tio n  purposes. T ables 2 a n d  3 show  the  re la tive  
p ositions o f  the  sliding node  an d  lo ad in g  hangers a t in terim  
stages fo r load ing  un d er one-w ay a n d  balanced  tw o-w ay 
sinuso idal load  waves.
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Loading node position

Bottom of chain loop 
when sliding node is at 

midrange (point O)

Figure 3. Schematic diagram of new loading system, set up for 
tw o-w ay lateral loading. Key: 1, slot fo r sliding node; 2, sliding 
node; 3, upper right cog; 4, upper right chain segment; 5, lower

right cog; 6, lower right chain segment; 7, right loading hanger 
w ith  weights; 8, right spring; 9, right load cell; 10, pilehead; HCLL 

and VCLL, horizontal and vertical chain-loop lengths, respectively
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reduces as sliding node moves tow ards the LHS.

W ith  the sliding node at p o in t L, the  spring has 

returned to  its orig inal length and the hanger load 

tends to  sh ift o n to  th e  upper rig h t chain segment.

As the sliding node moves fro m  points L to  R, the 

spring extends and the  load applied to  the 

pilehead increases again.

W hen the  sliding node reaches po in t R, the  spring 

is under m axim um  e longation  and the m aximum  

lateral load is applied to  the pilehead, com pleting 

one fu ll sinsuoidal cycle.

Table 2. Reference positions of moving parts in loading system for 

one-way sinusoidal wave
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At point R, the RHS spring is at its full elongation, with the full 
weight of the RHS hanger acting on the RHS lower chain segment.

A t point O, the RHS spring has returned to its original length. 
Further movement of the sliding node towards point L causes 
the LHS spring to  extend.

At point L, the LHS spring is at its full elongation, w ith the full 
weight of the LHS hanger acting on the LHS lower chain 
segment.

A t point 0 , the LHS spring has returned to its original length. 
Further movement o f the sliding node towards point R causes 
the RHS spring to extend.

At point R, the RHS spring is at maximum elongation under 
the lateral force equivalent to  that of the RHS load hanger and 
weights.

Table 3. Reference positions of moving parts to produce sinusoidal 
wave under balanced two-way loading
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5.2.1 One-way sinusoldalload wave
For this configuration, only one load hanger with dead weights is 
attached to the chain system (RHS chain in the scenario 
considered below (see Table 2 and Figure 2)). During set up, 
with the sliding node positioned at point L, the RHS load hanger 
is attached to the chain link at the bottom of the RHS chain loop 
system. The range o f sliding node movement (i.e. distance 
between points L and R) is adjusted such that it equals the 
extension (Z>|) o f the RHS spring, located between the lower chain 
segment and load cell, in response to the applied load. For 
instance, suppose that at the start o f the load cycle considered, the 
sliding node is at its extreme right position (point R), in which 
case the RHS spring is elongated by length Dy under the force 
applied by the RHS load hanger with weights (see stage 1, 
Table 2). A t this stage, the pilehead experiences the maximum 
lateral tension force. With the movement o f the sliding node from 
point R towards point L (stage 2, Table 2), the extension in the 
spring reduces, such that when the sliding node is positioned at its 
extreme left position (point L), the spring experiences no 
extension (stage 3, Table 2); in other words, no lateral load is 
applied to the pilehead. A t this moment, the tension force in the 
upper right chain segment due to the load hanger with weights is 
completely carried by the torque o f the drive motor. With the 
sliding node moving from point L  to R, the spring extends and the 
lateral load applied to the pilehead increases again, reaching its 
maximum value when the sliding node reaches point R (stage 5, 
Table 2), thereby completing one full sinusoidal cycle. For one
way sinusoidal wave loading, the vertical distance between the 
loading node position and the bottom o f the chain loop remains 
practically zero when the sliding node is at its mean position.

5.2.2 Balanced tw o-w ay sinusoidal load wave
For this configuration, load hangers with weights are attached 
to the RHS and LHS chains (see Table 3 and Figure 3). During 
set-up, with the sliding node located at point O, the load hangers 
with weights are attached at the bottom o f the RHS and LHS 
chain loop systems. As long as the sliding node remains in the 
right-half span o f node movement (i.e. between points O and R), 
the RHS lower chain segment and spring remain under varying 
tension force, with the pile tending to deflect towards the right 
side from its initial (mean) vertical position. Similarly, when the 
sliding node moves within the left-half span, a varying tension 
force acts in the LHS lower chain segment and spring, with the 
pile tending to deflect towards the left side. During set-up, the 
half-span length is adjusted such that it equals the extension (Z>i) 
o f the spring at the maximum load amplitude; that is, under the 
action o f lateral force equivalent to load hanger with weights. 
With the sliding node located at point R. the maximum tension 
force acts in the RHS lower chain segment (see stage 1, Table 3). 
As the sliding node moves away from point R, the lateral tension 
force applied to the RHS o f the pilehead reduces, with the force 
shifting to the RHS upper chain segment. On reaching point O 
(i.e. at midrange: stage 2, Table 3), the RHS lower chain

segment applies zero force to the pilehead. As the sliding node 
moves within the left-half span, the tension force in the LHS 
lower chain segment increases. When the sliding node reaches 
point L, the pilehead experiences the maximum load amplitude 
acting towards the LHS (stage 3, Table 3). A  full sinusoidal 
cycle is completed when the sliding node reaches point R again; 
that is, the maximum load amplitude is achieved in the RHS 
lower chain segment (stage 5, Table 3).

5.3 Capabilities o f th e  n e w  loading system
The new loading system was designed to generate many 
thousands o f load cycles o f varying load amplitude, frequency 
and waveform shape. The load amplitude depends on the 
magnitudes o f the weights apphed to the RHS and (or) LHS 
load hangers. Referring to Figure 3, the required waveform 
shape (i.e. sinusoidal, square, haversine etc.) can be obtained 
by adjusting the length (i.e. distance between the loading 
node position and the bottom o f the chain loop when the 
sliding node is at midrange) and (or) by using springs with 
different stiffnesses. Control over the frequency o f the load 
wave is primarily achieved by adjusting the speed o f the drive 
motor and to a less extent by the spring stiffness. The loading 
scheme can be arranged to produce

{a) one-way loading, achieved when only one load hanger 
with dead weights is used, with the magnitude o f the load 
wave fluctuating between zero and the applied maximum 
load amplitude

(b) one-way loading, with the magnitude o f the load wave 
fluctuating between the applied maximum load amplitude 
and some value above the zero value, hereafter termed as 
partial one-way loading

(c) balanced two-way loading when equal weights are applied 
to the two load hangers

(d) unbalanced two-way loading when unequal weights are 
applied to the two hangers.

For balanced or unbalanced two-way loading o f any waveform 
shape, the RHS load cell shows zero force when the LHS load 
cell measures a tension force, and vice versa. The resultant shape 
o f the load wave for the w'hole system is obtained by 
superimposing the load-time curves measured by both load 
cells. For demonstration purposes, different shapes o f repeating 
lateral load waves were generated in the present study for 
maximum load amplitudes in the range o f 30-45% o f the pile’s 
ultimate lateral load-carrying capacity under monotonic loading. 
These percentages correspond to the fatigue and serviceability 
lim it states respectively (DNV, 2011). The experimental scenarios 
considered in this paper are presented qualitatively in Figure 5.

The loading system can also be configured to generate two 
different types o f load wave under two-way loading; for 
example, the tension force to the LHS o f the pilehead could be

61



In ternational Journal o f Physical M odelling in Geotechnics D evelopm ent o f a rig to  study
Volume 14 Issue 3 m odel pile behaviour under

repeating lateral loads
Arshad and O'Kelly

applied as a sinusoidal wave and the load to its RHS could be 
applied as a haversine wave. Such scenarios can be generated 
by using springs having different elastic moduli and (or) 
changing the locations o f the attachm ent points for the load 
hangers on the chains.

6. Experim ental dem onstra tions
An extensive program m e of testing was performed on a model 
pile installed in dry, dense sand beds to dem onstrate the 
perform ance and repeatability o f the new loading system in 
producing one-way and two-way sinusoidal lateral loading 
conditions. These tests were perform ed in a constant tem pera
ture environm ent at 20±2°C .

6.1 Model pile
TTie 540 mm long model pile was manufactured from brass tubing 
having outer and inner diameters of 53-0 and 51 4 mm, 
respectively, which produced a bending stiffness (El) of 
4-33 kN m^. Its lower end was closed using 3 mm thick brass 
plate to represent a fully plugged tubular pile. The model pile was 
instrumented over its embedment length using eight strain gauges 
o f type TML-PL-10-11, manufactured by Tokyo Sokki Kenkyujo 
Co. Ltd, Japan. These gauges were arranged in a line at 50 mm 
centre-to-centre spacings and attached to the pile's outer wall 
surface using an epoxy adhesive, with the lowermost gauge located 
at a distance o f 20 mm above the pile tip. They had gauge length 
and width dimensions of 10 and 5 mm, respectively, a gauge factor 
o f 2-07 and full Wheatstone Bridge circuit configuration. A thin 
cover layer of epoxy was applied over the attached gauges, and also 
locally on their lead connections, in order to provide protection 
from potential damage during handling of the pile, its installation 
in the sand beds and under repeated lateral loading of the pile.

6.2 Sand characterisation and sand bed preparation, 
including pile installation

In the present investigation, the model pile was partially embedded 
in dense sand beds contained within the 0-95 m diameter by 0-6 m 
deep steel tank. TTie sand beds were prepared using dry sub- 
angular to angular medium silica sand having a d^a of 0-27 mm, 
coefficient o f uniformity o f 1 -85 and coefficient o f curvature o f 1 -0. 
TTie sand was air-pluviated into the tank, raining in six layers, each 
100 kg in mass, which produced deposited layers o f approximately 
90 mm in thickness. After depositing the first two layers, the model 
pile was aligned vertically at the centre o f the tank, with temporary 
support to  the pilehead provided by tensioned horizontal steel 
wires which were secured radially to the wall of the tank. Four 
more layers of sand were deposited, bringing the sand bed to its full 
depth of 0-54 m. and producing a pile embedment length of 
0-36 m. TTiis installation scenario represents a ‘wished in place’ 
closed-ended pile. The test sand had minimum and maximum dry 
density values of 1388 and 1662 kg/m^, respectively, which equate 
to maximum and minimum void ratio values o f 0-92 and 0-60 
respectively. This preparation technique produced sand beds with a

dry density of 1577 +  6 kg/m'’ for the 15 sand beds prepared in the 
present investigation (density index range of 70-74%). At 
maximum density, the dry sand had a peak friction angle o f 39°, 
determined from 60 mm square shearbox tests. Geometrically the 
pile set-up, with a pile embedment length to outer diameter (UD) 
ratio of 6-8, is categorised as a short rigid pile, which encompasses 
U D  ratios of up to 10 (Peng et al,  2011; Tomlinson, 2001). This 
scenario typically represents a field monopile (made of steel) for an 
OW T foundation system at 1/100 scale. Regarding possible 
boundary effects associated with the relative dimensions of the 
tank and model pile under the repeated lateral loading scenarios 
investigated in the present study: (a) a soil cushion (sand in our 
case) having a depth of three to four times the pile diameter located 
below the pile tip is considered sufficient to absorb the venical 
stress field (LeBlanc et al,  2010); (b) with the ratio o f the tank 
diameter to pile diameter greater than 17, side wall boundary 
effects were not significant (Davie and Sutherland, 1978; Rao et al., 
1996).

6.3 Instrumentation and data  acquisition
Figure 5 illustrates the arrangement of load cells and linear- 
variable displacement transducers (LVDTs) used to measure the 
load-displacement (rotation) behaviour of the model pile. The two 
horizontally mounted miniature load cells (series LCM-703, range 
of ±250 N, manufactured by Omega Engineering Ltd, UK) 
recorded the magnitudes of the repeating lateral loads applied to 
the pilehead by the loading system. Along the section o f the pile 
protruding above the sand bed surface, two horizontally mounted 
LVDTs. one located 50 mm directly above the other, recorded 
lateral displacements o f the pilehead (see Figure 4). This arrange
ment allowed the determination of the rotation (tilt) o f the rigid pile 
from its initial vertical alignment, the depth to its point o f rotation 
along its embeded length and its lateral displacement at the sand 
bed surface level. A third LVDT. mounted coaxially with the pile, 
measured the pile’s vertical displacement response. TTie LVDTs 
(series TR-0050, manufactured by Novotechnik Ostfildem, 
Germany) had a maximum range of 50 mm with linearit>' up to 
0.075%. Figure 6 shows photographs of the partially embedded 
instrumented pile undergoing two-way lateral loading applied by 
the newly developed apparatus.

The outputs from the load cells, LVDTs and strain gauges were 
recorded by a System-7000 data acquisition system (Vishay 
Precision G roup, USA). This system simultaneously scanned 
each sensor/channel at ten data points/s, with a measurement 
accuracy o f ±0-05%  full-scale and 0-5 microstrain resolution. 
An ethernet interface allowed flexible positioning o f the sensor 
displays on a laptop com puter in numeric and graphic modes 
using W indows-based ‘Sm art-Strain’ software.

6.4 Testing programme
A program m e o f 15 repeating lateral load tests was performed 
on the ‘wished in place’ model pile installation in dry sand
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Figure 4. Loading scenarios and generated wave shapes

beds, prepared as described in Section 6.2. In these tests, the 
effects o f different loading scenarios (balanced and unbalanced 
two-way and one-way loading), load amplitudes and frequen
cies were investigated, each test involving 6000 lateral loading 
cycles applied to the pilehead. The different tests are listed in 
Table 4 and identified as follows: loading direction (Iw, one
way; 2w, two-wayyioad am plitude (N)/frequency (Hz). For 
example, lw/40/0-1 indicates one-way lateral loading having an 
amplitude and frequency o f 40 N and 0-1 Hz; 2w/30-60/0-4

Figure 5. Arrangement of load cells and LVDTs at the pilehead

indicates two-way lateral loading, 30 N in one direction, 60 N 
in the other (i.e. unbalanced), at a frequency of 0-4 Hz.

The ultimate static lateral load-carrying capacity of the model pile 
set-up at the same embedment depth of 0-36 m in the sand beds 
was estimated at 140 N, which corresponds to a point on the 
load-rotation curve where, apparently, plastic deformation of the 
suiTounding sand starts. A t this point, the pile had rotated 1-5° 
from its initial vertical alignment and its lateral deflection at the 
sand bed surface level was approximately 7 mm; that is, 0-13 
times the pile outer diameter D. In previous studies o f rigid model 
piles performed at 1^, the ultimate load-carrying capacity was 
usually estimated for lateral pile deflections of 0-1-0-2Z) (Cuellar 
et a i ,  2012; Peng et a l ,  2011; El Sawwaf, 2006) occurring at the 
sand bed surface. In the present study, the load amplitudes of 40 
and 60 N investigated correspond to the fatigue and serviceability 
limit states, respectively, in relation to the pile's ultimate static 
lateral load-carrying capacity o f 140 N (DNV, 2011).

6.5 Experimental results
Figures 7 to  9 present the experimental results in terms of the 
pile’s rotation from its initial vertical alignment against number 
o f load cycles. The same pile, embedment depth and sand bed 
preparation method were used for all o f the tests. The 
experimental data are discussed below in terms o f the effects 
o f loading direction, amplitude and frequency. Using similitude 
relationships in the form o f non-dimensional param eters (e.g. 
see Table 1), such data can be used to interpret the prototype 
behaviour. As the model pile was closed-ended and experienced 
no vertical loading other than self-weight, its settlement was 
negligible, with a maximum o f 0-2 mm vertical movement 
recorded after 6000 cycles o f lateral loading.

The structural behaviour of a rigid (mono) pile under lateral 
loading is defined by its rotation as a rigid body. However, since 
the pile’s stiffness is not infinite, and provided a high-resoiution 
data-acquisition system such as the System-70(X) is used, some 
bending strains at microstrain level can be measured by strain 
gauges bonded to the pile shaft. TTiese data are usually employed 
for evaluations/interpretations related to the pile’s bending 
moment profile, the lateral soil reaction and deformations
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Test ID Loading scenario Left hanger load: N Right hanger load: N Frequency

lw/40/0-10 One-way 0 40 0-10
lw/40/0-25 One-way 0 40 0-25
lw/40/0-40 One-way 0 40 0-40
2W/40-40/0-10 Balanced two-way 40 40 0-10
2W/40-40/0-25 Balanced two-way 40 40 0-25
2W/40-40/0-40 Balanced two-way 40 40 0-40
lw/60/0-10 One-way 0 60 0-10
lw/60/0-25 One-way 0 60 0-25
1W//60/0-40 One-way 0 60 0-40
2W/60-60/0-10 Balanced two-way 60 60 0-10
2W/60-60/0-25 Balanced two-way 60 60 0-25
2W/60-60/0-40 Balanced two-way 60 60 0-40
2W/30-60/0-10 Unbalanced two-way 30 60 0-10
2W/30-60/0-25 Unbalanced two-way 30 60 0-25
2W/30-60/0-40 Unbalanced two-way 30 60 0-40

Table 4, Lateral load testing programme on model pile

occurring in the soil strata over the pile embedment length. 
However, to follow the scope o f this paper, data obtained from the 
8 strain gauges mounted along the shaft o f the model pile over its 
embedment depth are not included here and w ill be used in a 
companion paper.

6.5.1 Effect of loading direction
Figure 7 considers the same load amplitude o f 60 N (service
ab ility  lim it state) and indicates that the measured angle o f 
rotation o f the pile under unbalanced two-way loading was 
significantly greater compared w ith balanced two-way loading. 
Both o f these scenarios were more onerous that one-way 
loading. S im ilar experimental observations have been reported 
from  I jf  testing o f model piles by LeBlanc (2009) and LeBlanc 
et al. (2010). For these three loading scenarios, approximately 
80% o f the accumulated rotation measured at 6000 load cycles 
(i.e. end o f the tests) had occurred by the 500th load cycle 
(Figure 7). A t 500 load cycles, unbalanced two-way loading 
produced 180% and 75% greater rotation compared with one-way 
and balanced two-way loading respectively. The corresponding 
percentages fo r the 6000th load cycle were 120% and 70%.

6.5.2 Effect of load amplitude
Figures 8 and 9 indicate that the pile ro ta tion was significantly 
dependent on the load amplitude (LA ), particularly for one-way 
loading. F o r example, w ith L A  increased by 50% (i.e. from 40 to 
60 N), the pile rotation produced at the 500th load cycle 
increased by 600% and 100% fo r one-way and balanced two-way 
loading respectively. A t 6000 load cycles, the corresponding 
percentages were 400% and 80%. Based on the calculated 
gradients o f  the data plots between 2000 and 6000 load cycles in

Figures 8 and 9, it can be interpreted that the sand surrounding 
the pile tended to reach the elastic shakedown state more rapidly 
fo r the lower LA  o f 40 N, as compared w ith  60 N.

6.5.3 Effect of loading frequency
In relative terms, the effect o f  loading frequency was more 
pronounced for the lower L A  o f 40 N. as compared w ith 60 N, 
particularly fo r one-way loading. For example, between the 
500th and 6000th load cycles under one-way loading, the pile 
rotation for 0-4 Hz was approximately 75% greater compared 
w ith 0-1 Hz (Figure 8). A t the higher L A  o f 60 N , the 
corresponding figure was approximately 10%. Under balanced 
and unbalanced two-way loading, the respective figures were 
approximately 20% and less than 10% (Figure 9). The increase in 
pile rotation was not proportionall to the increase in LF ; for 
example, under one-way loading, the L F  increments from  0-1 to 
0-25 Hz and 0-1 to 0-4 Hz produced increases in pile rotation o f 
40% and 60% respectively (Figure 8). Under balanced two-way 
loading, the increase in pile rotation was considerably lower, w ith 
corresponding values o f 8% and 22% (Figure 9). For unbalanced 
two-way loading, the L F  range investigated was found to have a 
negligible effect on the pile rotation response (Figure 7).

In the existing literature, the effect o f L F  on accumulated pile 
rotation (deflection) is not clear. Our experimental findings are in 
broad agreement with Peng et al. (2011), who reported that up to a 
certain lim it o f LF  and for a given L A , pile deflection (lateral 
response) increased with increasing LF. Other researchers 
(Giannakos et al, 2012; Kagawa, 1986) have reported that at 
higher LF, the surrounding soil becomes stiffer and hence lower 
deformations are expected under long-term repeating lateral loads.
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tw o -w ay  lateral loading; (b) in stru m en ta tio n  a t th e  p ilehead . Key 
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drive m o to r; 7, upp er right cog; 8, lap top  co m pu ter; 9, System- 
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7. Conclusion
A new loading system has been developed to  apply  m any 
thousands o f  repeating  lateral load  cycles to  a Ig  m odel, w ith full 
con tro l provided over the loading direction (i.e. one-w ay o r two- 
way), am plitude, frequency and  waveform  shape (e.g. sinusoidal, 
square o r haversine). T he new loading system is easy to  operate  
and  can create realistic repeating  cycles o f  lateral loadsing. 
Hence it is particu larly  suited to investigations o f  m onopiles 
for offshore structure  foundations. C om pared  with equivalent

Figure 7. Effect o f loading direction on  pile ro ta tion  fo r th e  sam e 

load am p litu d e  o f 60  N

set-ups em ploying pneum atic o r hydraulic  actuators, the new 
loading system is able to  produce sim ilar perform ance a t lower 
cost and also provides m ore con tro l over the w aveform  shapes.

A program m e o f lateral load tests, each involving 6000 load cycles, 
was perform ed on  ‘wished in place’ rigid m odel piles installed in 
dense sand beds. These tests were perform ed at load amplitudes 
(LAs) corresponding to  the fatigue and serviceability limit states 
(40 and 60 N , respectively, in the present investigation) to 
dem onstrate some o f the m ain capabilities o f  the new loading 
system. The following trends were observed from  the experimental 
data: (a) two-way loading produced significantly greater rotation 
o f the pile from  its initial vertical alignm ent com pared with one
way loading; (b) for two-way loading, unbalanced loads produced 
greater pile ro tation  than  balanced loads; (c) the higher LA o f 60 N 
produced significantly greater pile rotation , particularly for one
way loading; (d) the effect o f  loading frequency was no t as
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significant as loading direction or LA. From  the  series o f tests 
perform ed, it was found that the characteristics o f  the repeating 
lateral loads were m ore pronounced for the m odel pile’s fatigue 
limit state th an  its serviceability limit state. A m ore comprehensive 
program m e o f  repeating lateral load tests is required to further 
understand the physics behind the problem.
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f o r w a r d e d  t o  t h e  a u th o r ( s )  f o r  a  re p ly  a n d ,  if c o n s i d e r e d  
a p p r o p r i a t e  by t h e  e d i to r i a l  p a n e l ,  will  b e  p u b l i s h e d  as 
d iscuss ion  in a f u t u r e  issue o f  t h e  jo u rn a l .

In te rna tiona lJourna l o f  Physical M odelling in Geotechnics 
re lies e n t i r e ly  o n  c o n t r ib u t io n s  s e n t  in by civil e n g in e e r i n g  
p ro fe s s io n a ls ,  a c a d e m ic s  a n d  s tu d e n ts .  P ap e rs  sh o u ld  b e  
2 0 0 0 -5 0 0 0  w o r d s  lo n g  (b r ie f in g  p a p e r s  sh o u ld  b e  1 0 0 0 -  
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Criterias to define the rigid and flexible behaviour of monopile

Source Criteria for rigid behaviou Criterias for flexible behaviour
Poulos and Davis 
(1980) TrT7>  10"^ 

Es^
7rT 7<  10“  ̂EgL

Bierschwale et al. I j
(1981)

Dobry et al. (1982)

«(i) < =
Davies and Budhu 
(1986) oii)

L /E 
(̂1) <

Budhu and Davies 
(1987) oii) « (i) >
Carter and 
Kulhawy (1988) ^ + 0.05

D ^  + O J S v J
Poulos and Hull 
(1989) 3 L < 1 . 4 8 ( - ) L > 4 . 4 4 ( - )

where, L is the embedded length of the pile; D  is the diameter of the pile; 1 is the moment of 
inertia of the pile; E  is the elastic modulus of the pile; Es is the soil elastic modulus; Gs is the 
soil shear modulus and is the soil Poisson’s ratio.
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Abstract. Different types o f soil stress measuring cells have been successfully 
used in model tests under monotonic loading after following a strict calibration 
exercise to simulate field conditions. This paper explores the potential o f  one 
particular type o f strain-gauged cell (type TM L-PD A -200kPa) to determine the 
magnitudes o f stresses generated at soil-structure interfaces and also within the soil 
medium for repeating load tests on models at 1 g. Difficulties associated with the 
use and calibration of these cells, including hysteresis, are discussed. In the present 
investigation, repeating load tests performed on dry sand prepared at different 
density states indicated that the cell response was strongly dependent on sand 
density, load amplimde, loading frequency and number of load cycles.

Keywords. Calibration, cyclic loading, miniature stress cells, soil stress

1. Introduction

Soil stress-measuring cells (SMMC) provide a valuable means of obtaining information 
to examine the validity of constitutive theories for soil behaviour and computational 
techniques for soil-structure interaction (SSI) problems [1]. The magnitude and 
distribution of insitu stresses can be determined using cells embedded within the soil 
mass; e.g. embankments or backfill material [2], Contact pressures acting between the 
soil and a structural element (e.g. retaining wall, culvert, shallow foundation, pile 
[3, 4]) can be determined using interface cells [5]. For reliable interpretations of the 
sensor output, inclusion and placement effects, cell-soil interaction, environmental and 
dynamic response effects must be considered [1, 6, 7]. The device’s size, geometry and 
flexibility relative to the soil grains have significant effects on response and reliability 
[2], To minimise errors arising from inclusion effects, it is necessary to minimise the 
cell thickness, with a recommended ratio o f overall cell diameter {D) to thickness of 
more than 5 [2, 6], Interaction between the soil and sensing area of the cell is highly 
dependent on the rigidity of the sensing surface. The ratio between the sensitive cell 
diameter (£>c) and D  typically used is in the range 0.5-0.7 [2, 6], with a ratio between 
Z)c and the maximum deflection of the sensing surface (<5max) in the range 2000-5000 
[2, 6, 8]. Nevertheless, devices with larger D JD  ratios have been also used; e.g. 0.86

* Corresponding Author: Muhammad Arshad, Department o f Civil, Structural & Environmental 
Engineering, Trinity College Dublin, Dublin, Ireland; E-mail arshadm@ tcd.ie
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reported by Zhu et al. [7]. To reduce the effects o f local heterogeneities o f the soil and 
local fluctuations o f  contact forces acting between individual soil particles and the 
sensing surface, the ratio between and the mean particle size must be at least 
10 [6, 9]. For SSI situations, the issue o f hysteresis is a real effect and we want to see 
the difference between loading and unloading. For SM M C’s working on the principal 
o f ‘null soil pressure system ’, hysteresis effects can be significantly reduced or 
eliminated although embedment o f such bulky soil cells leads to an infinitely stiff 
inclusion relative to the soil mass. Such cells are described by Talesnick [5, 10].

The present study investigates the possible use and calibration procedure for a 
particular miniature SSMC device in dry sand prepared at different densities and 
subjected to repeating loads. The authors are interested in using these sensors to 
measure the boundary normal pressures on reduced-scale model piles and the stress 
changes within the surrounding sand under repeating lateral load testing at 1 -g. In the 
authors’ experience, the evaluation o f normal stress using such devices based on the 
m anufacturer’s calibration factor values (which are usually produced for the monotonic 
loading condition only) may lead to misinterpretation, particularly under long-term 
repeating loads.

2. M aterials and Methods

Dry sub-angular to angular medium silica sand having a o f 0.27 mm, coefficient o f 
uniformity o f 1.85 and coefficient o f curvature o f 1.0 was used in the present 
investigation. This material had minimum and maximum void ratio values o f 0.60 and 
0.92, with corresponding dry densities o f 1388 and 1662 kg/m^ respectively. The 
SSMC devices (type TM L-PD A -200kPa manufactured by Tokyo Sokki Kenkyujo Co., 
Japan) incorporated a strain-gauged diaphragm (Figure 1) and had dimensions o f D  = 
6.5 mm, -  5.6 mm, with overall cell and diaphragm thicknesses o f 1.0 and 0.14 mm 
respectively. For the test sand, the DJdso ratio value o f 20.7 was greater than the 
minimum recommended value [6, 9]. The cell’s D JD  ratio value o f 0.86 was the same 
as that for similar SSMC devices used in investigafions by Zhu et al. [7], Such cells 
have also been used by in field studies by Gavin and O'Kelly [11] and Igoe et al. 
[12, 13] in determining the lateral earth pressures acting on model piles under repeating 
axial loads. The wire connection for the type TM L-PD A  devices used in the present 
investigation was in the plane o f the instrument. A PDB version o f this sensor with a 
top exit cable is also available from the manufacturer.

Test specimens were prepared by air pluviation into a steel cylinder, 92 mm outer 
diameter, 82 mm inner diameter and 200 mm long (Figure 2). The cylinder was 
internally lined using a double latex membrane, with a talcum powder coating between 
the membranes, in order to reduce the friction between the sand particles and the 
cylinder’s inner wall. Similar sample preparation techniques were used by Zhu et al. 
[7]. The specimens were built up in 20 mm thick layers which were individually 
compacted, as necessary, to produce specimens having overall target density index 
values o f 0.26 (loose), 0.55 (medium dense) and 0.85 (dense). W hen 120 mm depth of 
sand had been deposited in the cylinder, the first cell was placed horizontally on the 
levelled sand surface, with its sensing surface facing upwards. The second and third 
cells were similarly placed after pluviating 20 and 40 mm deep layers o f the sand above 
the first device.
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The overall height o f the final sand specimens was -180  mm, each incorporating 3 
SSMCs at the different embedment depths. The wires from the embedded cells were 
run horizontally to the inner wall o f the steel cylinder and then vertically, exiting via 
the top of the sand specimen. The cell’s sensing surface should not be compressed 
before any external load is applied. In the present investigation, the test specimens were 
prepared to, lightly tapping the outer wall o f the steel cylinder using a plastic hammer 
to achieve the necessary densification (without the loading platen in place), confirmed 
from specimen mass and volume measurements. A smooth loading platen incorporating 
a fourth cell was placed on the finished sand bed surface, with its sensing surface 
pointing downwards and contacting the sand bed. The cell in the loading platen is used 
to model the effect o f these cells mounted in the sidewall o f an instrumented model pile 
under repeating lateral load tests bearing in mind that, for a model pile with a circular 
cross section, the sidewall will be curved, while these pressure cells are flat (planar), 
which may affect the calibration.

Sensing surface

Bonded strain gauge 

S tiff ring

Electrical wire 

(a) (b)

Figure 1. Schematic o f  SSMC: (a) in cross section; (b) in plan.

20 mm

180 mm

.•.■.78 m m .'

. •. 82 .mm ■. •.

Loading piston

Loading platen 

SSM Cs

Electrical wires

Steel cylinder 

Sand specimen 

. . .  ■ Rieid cvlinder

Figure 2. Schematic o f  experimental set up (not to scale).

The applied platen load was measured using a load cell (series LCM-703 
manufactured by Omega Engineering Ltd., UK) having a range o f ±250 N. The outputs 
from the load cell and 4 SSMCs were recorded using a System-7000 data-acquisition 
system (Vishay Precision Group, USA). The system simultaneously scanned all sensors 
at 10 data points/s, with a measurement accuracy o f  ±0.05% o f full scale.
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Repeating load tests involving 1000 number of sinusoidal load cycles were applied 
to the loading platen in at constant temperature environment of 20±2°C, investigating 
an average bearing pressure range o f 0 to 21 kPa applied across the platen contact area 
and loading frequencies o f 0.13, 0.18 and 0.25 Hz. The stress amplitude covers the 
anticipated range of contact pressures mobilized against the sidewall of the model pile 
under repeated lateral loading, simulating conditions typically encountered for offshore 
wind-turbine foundation structures.

3. Experimental Results

Figure 3 shows the outputs (in mVA^) from the sensors at different numbers of load 
cycles plotted against average bearing pressure of 0 to 21 kPa applied, calculated as the 
measured platen load divided by its contact area. Data plots the 300'’’ load cycle are 
presented for cells embedded at depths (d) of 20, 40 and 60 mm in medium dense sand 
under repeated loading at 0.13 Hz. Data plots are also presented for the interface cell 
and dense sand at the 10*, 500'*’ and 1000'*’ load cycle at 0.18 Hz. In Figure 4, the 
manufacturer’s calibration factor values (which relate to monotonic loading) have been 
applied to the voltage data for the 3 embedded sensors to present their outputs in units 
of kilopascals.

d=0, N=10 ---A— d=0, N=500 9  d=0, N=1000
-B—  d=20 mm, N=300 — &—  d=40 mm, N=300 — ©—  d=60 mm, N=300

OX) 15

Medium dense sand 
at 0.13 Hz

/
 1—  Dense

□ Q g sand at 
P  0,18 Hz

40 50

Figure

20 30
Response of SSMC (mVA^)

3. SSMC responses (in mV/V) for different numbers of load cycles (N) and embedment depth (d).

The interface and embedded cell responses were highly non-linear, with significant 
hysteresis induced by the repeated loading (response during loading was greater in 
magnitude than unloading), particularly for the interface cell, looser density states and 
during the early number of load cycles. Similar behaviour has been reported by Zhu et 
al. [7] and Talesnick [10]. Further, the cell responses were dependant on the load 
amplitude and frequency. For the interface cell and dense sand, the response appeared 
to be particularly sensitive to the number of load cycles (TV), with the ratio of cell 
output to average bearing pressure applied by the platen decreasing with increasing N
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values (see data plots for dense sand presented in Figure 3). For the 3 cells embedded 
in medium dense sand, the responses appeared to be more sensitive to embedment 
depth (see data plots for d = 20, 40 and 60 mm presented in Figures 3 and 4) but not as 
sensitive to the number o f loading cycles, compared with the interface cell. This 
general behaviour was observed for all o f the loading frequencies and density states 
investigated. It was also found that the ratio o f the cell response to average bearing 
pressure decreased with increasing embedment.
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0
0 102 4 6 8

Response o f SSMC (kPa)
Figure 4. Cell responses at 300'*' load cycle for different embedment depths in medium dense sand under

repeated loading at 0.13 Hz.

4. Discussion

The experimental setup is one o f load control o f a rigid plate (not a boundary condition 
o f pressure) and hence the distribution o f contact stress between the loading platen and 
specimen surface is non-uniform. In other words, the bearing pressure mobilised at the 
centre o f the platen is unlikely to be equal to the applied load divided by its cross 
sectional area. Non-uniformity o f the distribution o f contact stress between the cell 
devices and surrounding soil is also an issue (Selvaduri et al. [14]; W achman and 
Labuz [15]). The fact that the “pressure” monitored decreased as the number o f cycles 
increased is more than likely to be an effect o f change in soil arrangement patterns 
rather than anything to do with the sensor response. Calibration o f embedded cells 
using such a narrow pressure vessel is also not ideal. The most significant reason for 
the reduction in response as a function o f depth is likely to be due to friction along the 
cylinder sidewall and arching effects around the stress-sensitive surface [8, 16, 17] and 
unrelated to the cell calibration/response. Use o f the TM L-PD B version of the device, 
which has a sensing diaphragm the same as the outer diameter (D^ = D = 6.5 mm), may 
prove to be a better option to avoid the discontinuity between the diaphragm.

Since it appears that hysteresis carmot be avoided for these particular devices, it 
should be calibrated (as done by Zhu et al. [7]). Empirical rules/correlations are not a 
solution to this difficult problem. An averaging curve (i.e. splitting the difference 
between loading and unloading) does not sufficiently capture the hysteresis and
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therefore will not correctly predict the stresses on either the load or unload part o f  the 
cycle. For instance, an uncertainty o f  8 kPa (±4 kPa) on a fiall scale reading o f  21 kPa 
occurs in the example presented. The situation is worse at lower pressures.

5. Summary

The response o f  stress-measuring cells is dependent on soil type (its physical 
characteristics including particle size, water content), condition (density state/stress 
history) and the loading characteristics (amplitude, frequency, number o f  load cycles). 
Compared with null-pressure type devices, the inclusion effects for the miniature 
T M L -PD A  cell considered in this investigation are minor although significant 
hysteresis can arise under repeating loads. For the particular application, these cells 
must be carefully calibrated using pressure boundary condition, especially when 
performing repeating load tests.
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System  7000 U sers  G uide

1. C onnect System  7000 to com pu te rs  v ia  e therne t socket loca ted  on

the back  pane l ,  top r igh t hand corner.

2. P lug in all gauges  to be used  for test. Make sure you plug into the

right card on back panel, e.g. strain gauge, high level, LVDT, etc.

3. Switch on com puter and System 7000. ON/OFF switch is located on 

the back panel o f  System 7000. Press and release to switch on —  LED 

will show green. Press and hold  for 2 seconds to turn off.

4. D ouble c lick  the StrainSmart icon on the screen  to open the 

program .

5. C lick the NEW  PROJECT button  on the too lbar  (top left). You will be 

asked if  you want to save the current project. If you wish to, you MUST do 

so now or it will be deleted.

6. The dialogue box which appears asks you to pick which scanner, you are using 

(5000, 6000 or 7000). Select type o f  scanner and click the OK button to 

start a new project.

7. The New Project Wizard page appears. N am e your p ro ject and click the 

NEXT button.

8. The sensor information page appears. You must input sensor inform ation 

for each gauge, etc., to be used. Click the NEW SENSOR button and 

pick the type o f  sensor you will be using.

9. Input a description, gauge factor and all other relevant info for that 

gauge. Click the APPLY button.

10. Repeat step 4 to 8 for all sensors  to be used for test.

11. When all sensor information had been fed c l ick  the NEXT button .

12. You may enter material properties or retrieve saved materials from a master 

database. To do this click the NEW MATERIAL button.

13. Inpu t a d e sc r ip t io n  o f  the  m a te r ia l  and all o th e r  re le v an t info. 

C lick  the APPLY button .



14. R epea t  above steps for all m a te r ia ls  to be used.

15. W hen  all m a te r ia l  in fo rm a t io n  had  been  im p u ted  c l ick  the  N EX T 

bu tton .

16. C lick  the O N LIN E button . The software automatically detects your 

channels. You can check any channel setting by double-clicking on the 

channel. If you make any changes to a channel remember to click the 

APPLY button.

17. Click the NEXT button to make assignments. Assignments are where 

sensor, material and channel info are brought together.

18. Click the N EW  CH AN N EL ASSIG NM EN T button. Input descrip tor,

sensor, m ateria l,  channel no .,  etc. Shunt calibration automatically

takes care o f  problems caused by lead-wire resistance.

19. Repeat step 17 and 18 above and when all re levant channels have 

been assigned click the OK button.

20. C lick  the N E X T  b u t to n  to  go to th e  n e x t  s tep .

21. If you have a large number of assignments they can be organised into groups.

To do this click the O R G A N ISE  A SSIG N M EN TS button.

22. Clink the FINISH button. This saves all inputs for sensors, materials, 

channels and assignments to a project database. You are prompted to save 

the project and can change the name under which it will be saved.

23. Click the SAVE button. All components (i.e. sensor, materials, etc.) are

now in StrainSmart as setup information and can be reviewed/changed

from main menu tabs by clicking on relevant tab and double-clicking on 

that item.

24. Click the NEW SCAN button. This launches the Scan W izard, which

specifies which channel data is taken from and the frequency o f  logging

that data.

25. The default session will be whatever you named your scan session. 

Check/change the scan rate. Select the assignm ents you w ant to record.

26. C lic k  th e  N E X T  b u t to n .



27. You can custom ise/control how you record your data, e.g. time, manual 

recording, lim it-based, multiple record rates OR you can use the EXPRESS 

SETUP button. This records your data at the default scan rote you setup 

earlier and all selected channels.

28. Click the FINISH button. You can now make assignments, but it is good 

practice to ZERO/CAL all assignments before running a test.

29. Click the ZERO/CAL button. Select the channels you want to zero and 

calibrate OR select the ALL button. N.B. You can use the FILTER box 

to change which assignments you want to view.

30. Click the ZERO button to zero selected assignments. This eliminates any 

initial imbalance in the gauges, etc. If the offset on a particular gouge is too 

big it will be displayed on screen.

31. C lick the SH U N T CA LIB R A TIO N  tab OR you can use the FILTE R  

box to shunt.

32. H ighlight the channels to shunt calibration. Click the SHUNT  

CALIBRATE button. This allows the system to correct the data for 

leading wire resistance and gauge factor in each highlighted assignment. 

The letter C will appear next to each assignment that is ok.

33. The DIRECT CALIBRATION tab can be used to manually calibrate 

transducers, LVDTs, high level assignments or mm linear displacement 

assignments. Clicking on the DETAILS tab will give you more inform ation 

on zero/cot

34. N.B. Zero/cal values are stored in each scan session. If you duplicate the scan 

session, these values will be retained. Click the CLOSE button.

35. Click the ARM button. This is the final checklist to ensure all is ok. Any 

errors or off scale channels are shown on screen.

36. If you want to see your data, click the DISPLAY button. You can also do this 

on the main menu window or during scanning.

37. W hen you are ready to start the test click the START button. The 

scanning dialogue box appears

38. To s top  re c o rd in g , c lic k  th e  ST O P b u tto n .
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Appendix H



It = Moment o f inertia about its own cetroidal axis 

= ( ^ 2 ( 8 9 ) 3 )  =  1174 9 4  mm*

l2 2 ~ Moment o f  inertia about XX-axis 
=  (x — sectional area) * (71)^ +  117494  
=  178 * ( 7 i y  +  117494  =  1014792  mm* 

Since small rings exists on both sides o f the 
AX-axis, so total moment o f inertia generated by 
the small rings will be =  2 * 1014792  

=  2 0 29584  m m “

■^A 125 mm

125 mm

e

19 mm

I] = Moment o f inertia about its own cetroidal axis 

=  — ( 23 '  ̂ -  19“ ) =  7340  mm‘*
64

111 = Moment of inertia about XY-axis 
=  (x -  sectional area) * ( 125 )^ +  7340  
=  132  * ( 125)2  +  7 3 4 0  =  2069840  mm* 
Since small rings exists on both sides o f  the 

AX-axis, so total moment o f inertia generated by 
the small rings will be =2  * 2069840

=  4139680  mm*
I33 = Moment of inertia about AX-axis 

= — (5 7 “ -  53 “) =  130843 mm*
64  ^  ^

125 mm A

(a) Plane view

(Central ring to house 53 mn) 
-diameter monopile '
"M4 nut-bolt passing througli 
the side coller / i \  Y

20 mm wide and 2 mm thick 
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M4 nut-bolt

Smaller diameter ring to 
house 19 mm diameter pile

Jacking screw
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(b) Side view (section

Total m om ent of interia =  4 1 39680  +  2 0 2 9 5 8 4  +  130843 =  6300100  mm*


